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ABST'lACT 
The stur'y of optical anfi vibrational properties of 
crystals has b"cn found very usoful in understandinci the 
dvri.n-irr of ori'^ntat^ opal noi i on of molecular groups of 
th? cryctal. 
The thosis includes the study on the three cr'stals, 
ni-'ly, (::H^)3H(GC^,)2, (CHO::::3 )22nCl^ and {VU^j^.LnJr^, 
J ! * ^ "^  - . '^  "r^ ^  •" nt'^" or 1 r-f TT'^ r^  r^ 'f loc ti vi ty , nhs oT^ t^i on 
-,,i-i ;-T..,-, sc^tt'^rinn. Tb*^  f'R rofJoctivity spc^ ctra j^ the 
fre'"'"OPcy region 5C-7C0 cm" an-^  infrared and Ra^ -ian spectra 
of rr^ '-t''1'^  'r V'^  hfen rocnrc'ed in order to study the nptical 
u'.' vi !i" ••! •'o,i ' 1 pro;^ ( rt i i^'". The'~,c. c'V"pound'~. holonr; to three 
di^ '^-^ rent clisses of non-cu>^ic cr^/stals. The interesting 
pronerty about the crystaJs is that they all exhibit structural 
_>h sn transitions. The dyn-T-ics of the orientational "^otion 
of Ih" '-ol cular nroups present in a crystal is known to play 
an important role in its phase transitions. This aspect nay 
bf^ st be investigated by the study of vibrational spectra. On 
the "hole, the structural changes associated vith the phase 
tri;-~i lions in a crystal can bn properly understood by the study 
of its optical and vibrational properties. 
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Optical constants and frequencies of opt ica l phonon modes 
have been evaluated from the c l a s s i ca l o s c i l l a t o r f i t to the 
rofIt^ct ivi ty spectra . Various parameters in the c l a s s i c a l 
o s c i l l a t o r r e l a t i o n , used for f i t t i n g of data , including frequ-
encies of t ransverse opt ical (TO) phonon modes, are varied and 
optimum f i t values of the parameters are obtained by t i a l and 
e r ro r u'-.ing l ea s t square method to get the o s c i l l a t o r f i t to the 
experimental datao Frequencies of LO modes are ca lcula ted with 
help of these parameters. Normal modes of v ibra t ion of the 
c rys t a l s are c l a s s i f i ed in terms of interwal and external 
v ibra t ions of the molecular groups present in the c r y s t a l s . 
The v ibra t iona l spectra of the c rys t a l s have been in terpre ted 
in terms of various modes permitted by the c r y s t a l l i n e symmetry. 
The var ia t ion of temperature r e su l t s in several changes in the 
spectr.i which are used to got information about the corresponding 
s t ruc tu ra l changes. 
(NH. )-,H(50.)p is known to exhib i t five phase t r a n s i t i o n s 
a t atmospheric pressure at temperatures 413, 265, 141, 133 and 
46 K. The corresponding phases are denoted I , I I , I I I , IV, V 
and VI in order of decreasing temperature. The va r i a t i on of 
d i e l e c t r i c constant with temperature shows d iscont - . iu i t ies at 
phase t r ans i t ion temperatures„ The d i e l e c t r i c constant shows 
an abnormal behaviour in phase IV where i t s value decreases 
rapid ly af ter a break a t the t r ans i t i on temperature (141 K) . 
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Th'« I'lii ii'i MM-1 i V j t y '.iw-cti.i fill r.iri'lorn orir-ntation of th>* 
crystal have been recorded in the temperature range 300-10 K 
to examine the abnormal behaviour of dielectric constant of 
the crystal in phase IV. These measurements cover all the 
phases of crystal's structure below room temperature. The 
symmetry changes associated with structural phase transitions 
are studied by measuring the Raman spectra in different polari-
sation geometries. The infrared spectra of microcrystalline 
s.imples h<)vo b(?on rocordoci in FIR and NIR regions to facilitate 
th> identification of normal modes of vibration. 
The analysis of the reflectivity spectra of (NH.)-.HlSO. )2 
in different phases yields various opticalconstants and frequ-
encies ot ro and LO modes. The behaviour of TO modes with 
temperature is normal, as expected for an ionic crystal. However, 
the frequency shift of LO modes with temperature shows a reversal 
of th-i trend as' the crystal is cooled from 220 K (phase III) 
to ! V> r. {('h.i'.i' ;V). H i'. Liu'' for all th"^  thr^ 'O LO mO(ies 
observed. This shows that LO modes play an important role in 
the phase transition, phase III > phase IV. The behaviour of 
LO modes explains the fast at of decrease in dielectric constant 
with temperature in- phase IV. This decrease in dielectric constant 
reduces deformations in the crystal in this phase due to th'^  
decrease in polarisation. An increase in the local symmetry of 
molecular groups in phase IV v/ith respect to phase III and phase V 
has been detected in the Rnman spectra. It is in consistency with 
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the suggestions derived from the analysis of reflectivity fit. 
The increase in symmetry may be due to the reorientation of 
molecul.Tr groups in tho crystal as tho transitions, from phase III 
to phase IV and from phase IV to phase V take place. The strength 
of hydrogen bonding in the crystal is found to increase with 
decreasing temperature indicated by the decrease in frequencies 
of N-H str.?tchinq modes. The ferroelectric phase is characterized 
by the apoearance of the combination (2> ^  +^4) rnode of HSOT iono 
This also indicates that the vibrational nature of the crystal 
3 
is most anharmonic in ferroelectric phase.' The effect of increased 
anharmonicity is evident in th*? reflectivity spectra as well. The 
damping constant of the crystal is highest for the observed 
lattice mode in the ferroelectric phase. The vibrational 
spectra in this phase give the evidence of lowering of symmetry 
due to the phase transition. 
(NH.)22nBr. exhibits ferroelectric phase transition at 216 Ko 
The FIR reflectivity spectra of the crystal for random orientation 
have beon recorded at 300 and 105 K. The infrared absorption 
spectra of (NH^)2ZnBr. have been recorded at room temperature 
and normal modes of vibrations of the crystal are identified in 
terms of internal and external modes of vibration of NH^ and 
2-
ZnBr. ions. A stronger hydrogen bonding in the low temperature 
phase of tli'^  crystal is suggested on the basis of the behaviour 
4 
of optical phonon modes and vibrational modes with temperature. 
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Phd'-.^ ^ tr.insitions in th • cryit^ il are characterizpcl by the motion 
of N'H. ions. 
{CH^NH^)^'^^^^:!. shows two structural phase transitions above 
room temperature (at 483 and 426 K). The correspond ng phases 
are denoted as I, II and III in order of decreasing temperature. 
The reflectivity spectra in the FIR region at room temperature 
have been recorded for random orientation of the crystal. The 
Raman spectra of thp (CH^^lH^),;ZnCl4 crystal at 300, 450 and 
500 K for the three phases and infrared spectra at room temperature 
in powder form in FIR and NIR regions have been recordedo 
Th-^  behaviour of the damping constant evaluated from the fit 
of In*^  T'^f 1'^ ct.tnco data 1^^ fo ind to form a basis _for the identi-
5 
fication of low-frequency optical phonon modes. The Raman spectra 
reveal the distortions of molecular ions inside the crystal and 
exhibit the effect of correlation fields. Phase transitions in 
the ciyst.U are characterized by the motion of m-^thyl ammonium 
ions. A hindering of reorientational motion of methyl ammonium 
ion is sugjested in the high temperature phases and is found 
maximum for phase I. The 3ffect of hydrogen bonding se^ms to be 
clost>ly linked '^ 'ith th'^  order of organic ions that leads to the 
phase transitions in th*^  crystal. The effect of increased 
anharmonicity in nhase I is shown by the increase in the numner 
of combinational modes. 
6 : 
From the study of optical and vibrational prope ties of 
these crystals, it is observed that hydrogen bonding in the 
crystals plays a crucial role in occurrence of phase transitions, 
The orientational motion of molecular groups in the crystals 
affects ih'^  symmetry of the crystal and the structural phase 
transitions occur. The symmetry changes are reflected in the 
vibrational spectra of the crystals. In these crystals hydrogen 
bonding is found to be strongest for the phases having lowest 
symmetry. Optical constants of the crystals characterizing the 
optical behaviour are found to be affected by symmetry changes 
occuring due to the phase transitions. 
7 : 
REFERENCES 
1. J.V. oi iv.M, t.iVti, A. Kiilshr'"-.h tha, W. Kullmann and H. Rauh, 
Phase Transitions 9, 70(1937). 
2. A. Kulshreshtha and J.P. Srivastava, Proc. Solid State Physics 
Symposium, BARC, Bombay, 1987. 
3. J.P. Srivastava, A. Kulshreshtha, W. Kullmann and H. Rauh, 
J. Phys. C 21, (in press). 
4. H.L). Bist and A. Agrawal, Proc. SPIE, Int. Soc. Opt. Mat. 
620, p.397 (1986). 
'^. n, Kul-.hir..'htha and JuP. Srivastava; To be reported at the 
'International Conference of Raman Spectroscopy, Indian 
Association for the cultivation of Science, Jadavpur, 
Nov. 2 to Nov. 7, 1988. 
A Study of Optical and 
Vibrational Properties of Certain 
Non-cubic Crystals 
Asita Kufshreshtha 
THESIS SUBMITTED TO THE 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY, ALIGARH 
IN PARTIAL FULFILMENT FOR THE DEGREE OF 
iBoctor of $t)ilos(Dpt)p 
1 9 8 8 
CHE 
€RBCi^Ph ^996;^ 
3 C OCT 1992 
T4126 
Certified that the work presented in this thesis is the original 
work of Ms. Asita Kulshreshtha, done under my supervision. 
^ 5 ^ J^nwav^i/y^-
^ ' 10 
{ J.P. Srivastava ) 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202002 
INDIA. . \4'^'' 
ACKNOWLRDGEKENTS 
T toke t h i s oppor tuni ty to express my deepes t 
sense of g r a t i t u d e t o my supe rv i so r , Dr, J . P . S r i v a s t a v a 
f o r h i s ab le guidance, s i n c e r e superv is ion and cons tan t 
i n s p i r a t i o n during tbe progress of t h i s work. His 
numerous sugges t ions , gre^-t i n t e r e s t and va luab le 
c r i t i c i s m of my work have been a continuous source of 
encourngement. 
My s i n c e r e thanks a r e due to Chairrran,Department 
of Physics for providing me a l l p o s s i b l e f a c i l i t i e s in 
the Department. 
I am indebted to Prof. M.Z.R. Khan fo r h i s r o l e 
in providing me the oppor tun i ty of pursuing h igher 
s t u d i e s a t A,^'',U. and for the cons tan t encouragement and 
help he ha.n been very kindly extending e l l t hese y e a r s . 
The help and h o s p i t a l i t y extended to my supe rv i so r 
by Prof, Geick, I n s t i t u t e of Phys ics , Un ive r s i t y of 
'A'urrburg, FRO in connection with the measurements of 
r e f l e c t a n c e spec t ra a t h i s l abo ra to ry deserves my 
s i n c e r e s t thanVs. I am thankful t o Dr. Kamal Kumar, 
Departnent of Phys ics , T'^orth-Eastem Hi l l U n i v e r s i t y , 
Sh i l l cng fo r pe rmi t t ing me to record Raman spec t r a in His 
I n b o r n t o r / , The t imely ns=-dstrince from ^ r , T.K, Gundu 
Rao i s a l so a o p r e c l s t e d . "y thanks a r e a l s o due i-o Dr. 
A.V.R. Warrier , S c i e n t i s t , Solid S t a t e Physics Labora tory , 
Delhi for d i scuss ion and helo a t t i ' r e s fo r measurement of 
inf rared spec t ra a t h i s l a b o r a t o r y . 
:<y s o e c i a l thanks a re due to Kiss , Poonam Agrawal , 
Programmer, Corrputer Centre , A.?^,l'. fo r in t roduc ing me to 
coirnuter programming and helping throup,hout the course of 
t h i s work. 
T fee l s i n c e r e l y indebted to a l l my well wishers 
and f r i ends whose encouragement and p l ea san t a s s o c i a t i o n 
has helped me to stand these y e a r s . 
The techn ica l a s s i s t a n c e fron the s t a f f of t h e 
Department i s apprec ia ted . F inanc ia l support from CSIR, 
N'ew Delhi i s g r a t e f u l l y acknowledged. 
F i n a l l y I T would l i k e to t ake t h i s occasion to 
thank my p a r e n t s , p a r e n t s - i n - l a w and my husband fo r t h e i r 
tremendous pa t i ence and encouragement without which T 
would have failed! to shape my work to the p r e s e n t form. 
(ASITA KUlS'JRFSHTflA) 
CONTENTS 
Page Nos. 
INTRODUCTION 
CHAPTER^I - THEORETICAL BACKGROUND 
1.1 Introduction 6 
1.2 Classification of normal modes of 
vibration of crystals 6 
1.2.1 Unit cell approach 8 
1.2.2 Site symmetry approach 10 
1.3 Classification of internal modes of 
vibration of the molecular groups in 
the crystals 13 
1.3.1 Internal modes of vibration of XY^ type 
molecule 14 
1.3.2 Internal modes of vibration of CH^NHo group 17 
1.4 Infrared spectra 17 
1.4.1 Infrared absorption and reflectivity spectra 17 
1.4.2 Infrared selection rules 25 
1.4.3 Analysis of infrared absorption and 
reflectivity spectra 26 
1.5 Raman spectra 30 
1.5.1 Raman sacttering 30 
1.5,3 Analysis of Raman spectra 36 
1.6 Phase transformations in solids 40 
1.6.1 Kinds of phase transitions 40 
1.6.2 Distortive phase transitions 41 
1.6.3 Incommensurate phase transitions 45 
REFERENCES 48 
( i i ) 
CHAPTER-II - EXPERIMENTAL TECHNIQUES 
2 . 1 Growth and p u r i f i c a t i o n of c r y s t a l s 51 
2 .2 Confirmation of c r y s t a l s t r u c t u r e 51 
2 . 3 In f r a r ed measurements 53 
2 . 3 . 1 Po ly tec FIR-30 Four i e r t ransform spec t romete r 53 
2 . 3 . 2 Perkin-Elmer 983 IR spec t rophotometer 58 
2 . 3 . 3 Scan of IR s p e c t r a 60 
2 .4 Raman measurements 62 
2 . 4 . 1 Spex Ramalog 1403 double monochromator 62 
2 . 4 . 2 Ramanar U 1000 double monochromator 65 
2 . 4 . 3 Scan of Raman s p e c t r a 67 
2 . 5 Measurements a t d i f f e r e n t t empera tu res 70 
GHAPTER-III- FIR REFLECTIVITY AND VIBRATIONAL 
SPECTRA OF (NH4)3H(S04)2 
3 .1 I n t r o d u c t i o n 74 
3.2 C r y s t a l s t r u c t u r e and group t h e o r e t i c a l 
a n a l y s i s 78 
3 .3 R e s u l t s and d i s c u s s i o n 8b 
3 . 3 . 1 R e f l e c t i v i t y s p e c t r a 89 
3 . 3 . 2 V i b r a t i o n a l s p e c t r a 96 
(1) V i b r a t i o n a l assignment a t room tempera ture 
(2) V i b r a t i o n a l spec t r a a t low tempera tures 
3 .4 Conclusions 121 
REFERENCES 123 
CHAPTER-IV - FIR REFLECTIVITY AND VIBRATIONAL 
SPECTRA OF (CH3NH3)2ZnCl4 
4.1 Introduction 125 
4.2 Crystal structure and group theoretical 
analysis 127 
4.3 Results and discussion 129 
4.3.1 Reflectivity spectra 129 
4.3.2 Vibrational spectra and assignment at 
room temperature 140 
4.3.3 Spectra at high temperatures 152 
4.4 Conclusions 156 
REFERENCES 157 
(iii) 
CHAPTER~V - FIR REFLECTIVITY AND VIBRATIONAL 
SPECTRA OF (NH4)2ZnBr4 
5.1 Introduction 159 
5.2 Crystal structure and group theoretical 
analysis 160 
5.3 Results and discussion 163 
5.3.1 Reflectivity spectra 163 
5.3.2 Vibrational spectra and assignment 175 
5.4 Conclusions 182 
REFERENCES 183 
LIST OF PUBLICATIONS 
I N T R O D U C T I O N 
INTRODUCTION 
The study of optical properties of crystals has been 
found very useful in understanding the structural changes in 
terms of certain constants and low energy optical phonons. 
One of the popular ways employed to study optical properties 
of crystals is to measure their reflectivity in the far-
infrared region. This technique is endowed with the uniqueness 
that it permits spectral measurements for thick single crystals 
and enables to get the frequency of longitudinal optical phonons 
whose excitation is not detected in the transmitted radiation. 
On the other hand the study of vibrational properties along 
with optical properties helps in understanding the dynamics of 
orientation of molecular groups and atoms in the crystals. 
Vibrational properties also provide information about their 
structure and the nature of forces that bind the various atomic 
and molecular units inside the crystal. The Raman scattering 
and infrared absorption spectroscopic measurements are being 
used to study the vibrational properties. These spectroscopic 
techniques provide the means of studying the effect of crys-
talline field on vibrations of the crystals through polarisation 
measurements. Distortions in molecular groups and ordering in 
crystals can .best be estimated with the help of these techniques. 
The advantage of Raman scattering measurements over the absorption 
spectroscopy is that the entire vibrational spectrum(upto 4000 cm ) 
can be scanned in a single run of the spectrum whereas latter 
• 2 • 
requires separate measurements for far-infrared (FIR) and 
near-infrared (NIR) spectral regions. 
The present work includes the study of optical and 
vibrational properties of three crystals, namely, (NH4)^H(S0.)2» 
(CH2NH^)22nCl. and (NH.)2ZnBr- employing the above mentioned 
techniques. These compounds belong to three different classes 
of non-cubic crystals. (NH^)-3H(S0.)2 is the crystal of the 
+ 2-
type A2HB2» where A is an alkali atom or NH^ ion and B is SO^ 
2-
or SeO^ ion. {CHJiH^)2^'^01^ belongs to a family of crystals 
with general formula (C-H2 .•,NH-5)2 WX^, where. M = Mn,Cd,Cu, 
FBJ CO or Zn and X is a halide. {NHA)2^^^^A belongs to the 
tetrahedrally coordinated crystals of the type A2BX. with A an 
alkali atom or NH^ ion; B = Zn, Cd, Mn, Co or Cu and X = CI, Br 
or I. Although (CH2NH2)22nCl4 belongs to a totally different 
class of metal-organic compounds, it is very much similar to 
crystals of the type A2BX4 on account of its structure and 
symmetry. The dissimalarity, however, is due to the presence 
of organic ion. All the compounds have tetrahedrally coordinated 
molecular groups constituting their structure. The type of hyd-
rogen bonding present in the crystals is different. The interes-
ting property about the crystals is that they all exhibit struc-
tural phase transitions. Structural phase changes associated with 
phase transitions can be very well investigated by study of 
optical and vibrational properties of crystals. This makes their 
study further attractive. 
: 3 : 
The work presented concerns the measurement of FIR 
reflectivity and vibrational spectra of (NH.)^H(SO.)2, 
(CH3NH3)2ZnCl4 and (NH4)2ZnBr4 crystals. Details of the 
experimental techniques, the equipment used and theoretical 
concepts, on which interpretation of our results is based, are 
also discussed. 
Chapter I describes the group theoretical methods for the 
classification of normal modes, classification of internal modes 
of vibration of molecular groups present in the crystals, theory 
of infrared reflection, absorption and Raman scattering and their 
selection rules. A brief review of various kinds of phase tran-
sitions occuring in solids is included in the chapter in view of 
the fact that crystals under study exhibit structural phase 
transitions. 
Chapter II consists of details on crystal growing procedure^ 
identification of crystal structure and a brief account of the 
equipment used for measurements. 
Chapter III describes the results and analysis of reflection 
spectra in FIR region and vibrational spectra of (NH4)2H(S0^)2 in 
the temperature range 10-300 K, covering its phases of structure 
below room temperature. Six phases of the crystal are denoted 
as I, II, III, IV, V and VI in order of decreasing temperature. 
Study of optical constants of the crystal in its phases (phase II 
to phase VI) suggests that LO modes play an important role in 
phase transition from phase III (220 K) to phase IV (135 K). 
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Variation of LO mode frequencies with temperature explains the 
abnormal behaviour of the dielectric constant of the crystal 
observed in phase IV. Vibrational spectra give the evidence of 
increase of local symmetry of molecular groups as the phase IV 
is approached both from lower and higher temperature sides. The 
role of hydrogen bonding is found to be crucial in the ferro-
electric phase transition of the crystal resulting in an ordering 
of HSOT ions. The crystal shows most anharmonic behaviour in 
this phase due to the ordering of HSOT ion. The strength of 
hydrogen bonding increases with decreasing temperature. 
Chapter IV deals with the measurements on (CH^NH^)2^11014 
crystal. FIR reflectivity data at room temperature and vibra-
tional spectra for all of its phases have been analysed. Phase 
transitions in the crystal occur above room temperature. The 
FIR reflectivity spectra of the crystal for its phases other 
than the room temperature phase could not be recorded as the 
facility of measurement above room temperature was not available 
with the equipment used. The behaviour of damping constant 
evaluated from the classical oscillator fit of the reflectance 
data is found to form a basis for the identification of low-
frequency optical phonon modes. Distortions in the molecular 
groups and correlation field effects are evident in the vibra-
tional spectra. Phase transitions in the crystal seem to be 
characterized by the motion of methyl ammonium ion. A hindering 
of reorientational motion of the ion is suggested in the high 
: 5 : 
temperature phases. The effect of hydrogen bonding seems to 
be closely linked with the order of organic ions that leads to 
the phase transitions in the crystal. 
Chapter V describes the results of (NH.)22.nBr. crystals. 
Optical constants of the crystal are evaluated in FIR region 
at 300 and 105 K. The infrared absorption spectra 6t room 
temperatures have been recorded for the vibrational study. 
An extensive study of Raman scattering in the crystal has 
recently been made by others. The results of their measurements 
at room temperature are reproduced here for the completeness of 
the vibrational study. The analysis of optical constants suggests 
that hydrogen bonding is stronger in the low temperature phase 
which is further confirmed by the behaviour of vibrational modes 
of NH^ ion. Phase transitions in the crystal are characterized 
by the motion of NH^ ions. Vibrational analysis suggests a 
•f 
hindering of reorientational motion of NH^ ion in the crystal. 
CHAPTER-I 
THEORETICAL BACKGROUND 
: 6 : 
THEORETICAL BACKGROUND 
1.1 INTRODUCTION 
The optical and vibrational properties of the crystals 
have been studied using infrared and Raman spectroscopic methods. 
The infrared reflection, absorption and Raman scattering in a 
crystal arise due to interaction of the incident electromagnetic 
radiation with its vibrational modes. For interpretation of 
optical and vibrational spectra and identification of optical 
phonon and vibrational frequencies it is necessary to have an 
understanding of the normal modes of vibration and group theo-
retical methods used for their classification. In order to 
undertake the study of optical and vibrational properties of the 
crystals it is also essential to developea requisite theoretical 
background of infrared and Raman spectroscopic methods and their 
selection rules. Following sections deal with the classification 
of normal modes of vibrations of the crystal, group theoretical 
methods, classification of normal modes of vibration of the 
molecular groups present in the crystals under study and a brief 
discussion of theory of infrared and Raman spectra. Different 
kinds of phase transitions occuring in the solids have been 
discussed in the end. 
1.2 CLASSIFICATION OF NORMAL MODES OF VIBRATION 
A crystal may be regarded as a mechanical system of nN 
: 7 : 
particles, where n and N are number of particles per unit 
cell and total number of unit cells in the crystal respectively. 
There will be 3nN degrees of freedom for such a system. (3nN-3) 
of these are the linearly independent normal modes of oscillation 
of the crystal and three are the pure translations [Mitra 1969]. 
Frequencies of the vibrational modes occur as 3n roots of the 
secular equations involving the wave vector K = 2-^ /;^  which 
may take N values. Three of these roots approach zero as the 
wave vector tends to zero and constitute acoustic branches. The 
remaining(3n-3) branches are termed optical branches and approach 
finite limit as the wave vector vanishes. The acoustic and 
optical branches are composed of longitudinal and transverse 
modes [Kittel 1966]. These constitute the fundamental vibrational 
spectrum of the crystal. The optical phonon modes are divided 
into internal and external modes of vibration. The internal modes 
are those which arise from the oscillation of atoms within a 
poly-atomic group, keeping the centre of gravity of the molecule 
as stationary. The motion of groups relative to each other gives 
rise to external vibrations which are also known as lattice modes. 
They are further divided into rotatory and translatory modes. 
Translatory modes involve translations of the molecular groups 
and also of the various atoms which have individual identity. 
Rotational modes involve quasi-rotation of the molecular groups 
about their centres of gravity and therefore require the presence 
of a polyatomic group in the crystal. In order to analyse the 
vibrational spectra of crystals the classification of phonons in 
: 8 : 
crystal is done by any of the two following group theoretical 
methods. 
(a) Unit cell approach [Bhagavantam and Venkatarayudu 1939] 
(b) Site symmetry approximation [Halford 1946] 
The application of these methods has been illustrated by 
several authors [Bhagavantam 1942, Mitra 1962, Turrell 1972], 
Fateley et al [ 1972] have suggested some practical rules for 
classification of phonons using site symmetry approach. A 
brief review of two methods is given here. Both the methods, 
however, give same results [Winston and Halford 1949]. 
1«2.1 Unit Cell Approach 
Bhagavantam and Venkatarayudu [1939] suggested this method 
for the first time. In this approach it is assumed that all the 
unit cells of the lattice are in the same phase throughout the 
period of execution of the fundamental optical modes. Therefore, 
the dynamics of crystal can be described by considering only the 
factor group of the crystal, instead of the entire space group. 
In this approximation atoms are considered as a large molecular 
unit with the assumption that atoms or molecules at equivalent 
positions are in the same state of motion having no phase 
difference. The approach consists in finding the total character 
representation for the unit cell giving out total number of modes. 
The number of modes belonging to a particular species of an 
irreducible representation can be obtained by reducing the 
representation!" using following relation [Cotton 1976]. 
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where n is the number of times an irreducible representation 
of the specy K appears in the reducible representation p. 
X^(R) andX^CR) are the characters of i^^ class of operators 
describing irreducible representation and reducible representations 
respectively, g is the order of the group and h. is the number 
of group operations in the i class of irreducible representation 
3C-. The normal modes are classified by making specific selec-
tions of the representation T and its appropriate characters 
3(i(R). 
Reducible character representation for the total number of 
modes is given by[Bhagavantam and Venkatarayudu 1969] 
X(N) = Nj^ ( + 1 + 2 Cos (|)j^) .... (2) 
where Nn is the number of atoms remaining invariant under the 
operation R. The operation R is defined by an angle ({)„; 
+1 and -1 are accounted respectively for proper and improper 
rotations. The characters for acoustic translation vibrations 
X(tg), optical translatory modes^( tj and libratory modesJ(,(t) are 
determined by using the relations 
a(ta^ = (+ 1 + 2 Cos ^^) .... (3) 
_X(to) = Nj^ (s) ( + 1 + 2 Cos (t)f^) .... (4) 
X ( i) = Nf^ (p) (1 + 2 Cos (|)j^) .... (5) 
: 10 : 
Here Nn(s) and Nn(p) respectively are the number 
of structural groups and polyatomic groups remaining invariant 
under the symmetry operation R. The number of internal modes 
of vibration can be calculated by substracting the number of 
external modes (translatory + rotatory) from the total number of 
modes 
a(ni) =J(,i(N) - [ai.(V H-Xi (O] .... (6) 
1.2.2 Site symmetry approximation or correlation method 
Halford [1946] assumed that only the local potentials are 
mainly responsible for the dynamics of mono-and polyatomic groups 
in crystals. Therefore, he classified normal modes of vibration 
into species of the local symmetry point group, known as the 
site group, by correlating the symmetry species of the point 
group of free molecular ion to those of the site group. Here 
the interactions between different groups in the same unit cell 
are neglected. The site group characterizes the symmetry of the 
crystalline field around the site. Thus the geometrical structure 
of a molecule or ion occupying the given site is determined by the 
symmetry of that site. A molecule may exhibit lower symmetry in 
the crystal than in gas phase, because in the crystalline solid 
it must conform to the symmetry of its site. Therefore, the site 
group is necessarily a subgroup of the unit cell or factor group 
which describes the symmetry of the free molecule. Correlation 
charts can be set up between various site groups and factor groups^ 
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by comparing the character tables of these groups with that 
of the factor group. The character table for the factor group 
may be obtained from that of the isomorphic point group containing 
the same subgroups. 
Fateley et al [1972] have made an easy approach for the 
correlation of the site group with the factor group by defining 
some useful terms. The procedure is as follows. First of all, 
the site symmetry of each atom or ion is ascertained with help 
of the known symmetry and structure of the crystal. A given 
site in a crystal is characterized by the group of point symmetry 
operations which leave it invariant. In general>a unit cell 
contains sites of several different symmetries and sometimes 
several distinct sets of sites having the same symmetry. The 
possible site symmetries and the number of sites per set in a 
unit cell for all the space groups are listed by Fateley et al 
[1972] and others[Turrell 1972, Gilson and Hendra 1970]. The 
number contained in parentheses with the symbol of site group 
symmetry represents the number of equivalent sets of atoms or 
ions per unit primitive cell having that site symmetry. This 
number is important for assigning the site symmetry to any atom 
or ion in a crystal. The total number of atoms or ions in an 
equivalent set having particular site symmetry should be the 
same as given in parentheses with the site group. Once the site 
symmetry for each atom or ion in the crystal is found, the 
symmetry species corresponding to translations and rotations are 
: 12 : 
identified for each equivalent set of atoms. These species 
of the site group for the translations and rotations are then 
correlated with species of factor group* This correlation 
explicitely identifies the species of lattice vibrations in the 
crystal and further allows prediction of infrared and Raman 
activity. The total reducible representation for lattice 
vibrations is obtained by the summation of reducible represen-
tation for each equivalent set of atoms or ions in the crystal. 
To apply the correlation of site to factor group following 
terms have been defined by Fateley et al [1972], 
1. t', R'' - numbers of translations and rotations respectively 
in a site species y. These numbers are obtained from the 
character table. 
2. f^, f^ - degree of freedom for translations and rotations 
respectively of a site species y. This can be obtained 
from the relation 
ff = n t^ 
•R 
.... (7) 
= n R"^  
where n is the number of atoms or ions in an equivalent 
set. 
3. a - represents the degree of freedom contributed by each 
site species y "to a factor group species a. Following 
relation gives a^ 
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f^ = a,, E_ C^ 
or 
Y a a 
.... (8) 
fl = a S c"^  R Y a a 
4. C - is the degeneracy of the species a of the factor 
group. 
The reducible representation for internal vibrations 
of a molecular group are obtained by using the free state 
symmetry of that group. The s^ nranetry species obtained for 
internal vibrations of free state symmetry group are correlated 
with the site symmetry species. Further correlation of site 
symmetry species with the factor group species yields the 
reducible representation for internal vibrations specifying 
the infrared and Raman activity of different internal vibrations 
The total representation for internal modes is then 
added to the representation for lattice vibration to get the 
reducible representation for total normal modes of vibrations 
of the crystal. 
1.3 INTERNAL MODES OF VIBRATION OF MOLECULAR GROUPS OF THE 
CRYSTALS UNDER STUDY 
The atoms those comprise a molecular group vibrate 
within the molecular group. Such vibrations involving non-
rigid molecular motions are known as internal vibrations. 
Internal modes of vibration of the molecular groups present 
in the crystals under study have been discussed here. The 
: 14 : 
+ 2- 2-
molecular groups present in the crystals are NH^, SO^ , ZnCl^ , 
2- + 
ZnBr^ and CH-^ NH^ . First four of these are five atomic XY^ 
type molecules having tetrahedral symmetry in their free state. 
For these groups internal vibrations of XY^ type molecule 
have been discussed in general. The internal vibrations for the 
fifth group i.e. CH^NH^ are discussed separately. 
1.3.1 Modes of vibrations of XY* type molecule 
There are nine internal modes of vibration for a XY^ type 
molecule distributed among the species of T^ point group as 
A, + E + 2F2 [Herzberg I960]. In the first, V, with symmetry 
A,, the Y atom vibrate towards and away from the X-atom. The 
doubly degenerate mode, 1^ 2 ^^^ symmetry E and in this mode of 
vibration the Y atom move on the surface of a sphere whose 
radius is the X-Y bond distance. Both 'iJ^ and "iA which are 
triply degenerate, have F2 symmetry. >4 is an antisymmetric 
X-Y stretching mode while 2^ involves the asymmetric bending of 
X-Y bonds. All the four modes j),, 2^ 2» ^ 3 ^'^^ ~^A ^^ ® Raman 
active, whereas only iJ^ and V show infrared activity. 
Figure 1.1 illustrates the four normal modes of vibration of 
tetrahedral molecule. The distribution of these normal modes 
among the factor group species are found using site symmetry 
approximation after Fateley et al [1972] and summarized in 
table 1.1. 
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Fig. 1.1 Normal modes of vibration of a tetrahedraJ'. molecule. 
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1.3.2 Modes of vibration of CH^NH^ ion 
The internal vibrations of CH^NH^ are classified into 
A,, A2 and E species according to C^ symmetry. Its 
symmetry is considered C-,^  treating it as Z X Y- type 
molecule where Z represents CH^ group and XY^ is taken 
for NHo. Eighteen normal modes of vibration are distributed 
as 5A, + Ag + 6E. The five non-degenerate A, type modes are 
denoted as 2^,, 2^ 2» ^ 3* ^ 4 and 2^ ,^ and one non-degenerate A2 
type is denoted asV^^ '^n to ^,2 represent six doubly 
degenerate E type modes. The A, and E type modes are 
active in infrared and Raman spectra whereas the A2 type mode 
is infrared - Raman inactive. The distribution of the modes 
among the species of free ion symmetry group is shown in table 1.2. 
1.4 INFRARED SPECTRA 
1.4.1 Absorption and reflection spectra 
When a monochromatic electromagnetic wave is incident on 
a plane surface of a crystal, a portion of the energy will be 
absorbed while the remainder will be associated with the reflected 
wave. The analysis of the reflected waves in the infrared region 
provides invaluable information about the optical spectra of the 
crystal. The absorption occurs through the change in electric 
dipole moment (jT ) of the molecular unit arising due to excitation 
to higher vibrational levels [Nakamato 1978]. As vibrational 
frequencies of the molecular units match the energy of IR photons, 
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the absorption occurs. Optical properties are investigated by 
the transmission or reflection of the crystal studied as a 
function of frequency of incident IR radiation. The intensity 
transmitted or reflected by the crystal is compared with the 
intensity of the incident light at a given frequency. The 
absorption of the electromagnetic energy by the medium for a 
wave propagating in the Z- direction is given by 
iabs . ,-%* Z/= _^__ (,) 
inc 
The absorption coeff ic ient a i s given as 
a = 4Ttk>'/c (10) 
where k is extinction coefficient defined by 
N = n-ik .... (11) 
N is the complex refractive index. The reflection coefficient 
R is defined by the Fresnel formula as the ratio of reflected 
to incident energy, 
(n-l)^+k^ 
R = — — — - — ^ .... (l2) 
(n+l)^+k^ 
The independent measurements of the absorption and 
reflection coefficients of the crystal yield values of both 
n and k and hence N, which characterizes the optical 
properties of the medium. 
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The long range electrostatic forces in the crystal lead 
to longitudinal - transverse mode splitting [Born and Huang 1954]. 
These forces lift the degeneracy of IR active phonon modes and 
split them into transverse and longitudinal branches. Since the 
electromagnetic waves are transverse in nature,they cannot 
interact with longitudinal phonons in an infinite crystal. The 
longitudinal optical (LO) modes are, therefore, inactive in the 
infrared absorption spectrum and can be observed in reflection 
spectrum only. The transverse optical (TO) modes, on the other 
hand, are optically active and can, therefore, be observed in 
absorption and reflection spectra both. 
For specular reflection spectra from dielectrics, the 
dispersion in the index of refraction is generally closely 
linked with the observed phonon spectra. In the long wave limit 
the optical modes of a lattice correspond to the motion of one 
type of atom, all in phase, relative to other kind. In ionic 
crystals, such a motion is associated with strong electric moments 
which can directly interact with electric field of proper polari-
sation from incident electromagnetic radiation. Changes in optical 
properties of such a crystal are expected in the vicinity of a 
resonance frequency [Mitra 1969]. In the neighbourhood of an 
optical lattice mode frequency crystal becomes totally reflecting. 
This phenomenon is known as reststrahlen effect. 
: 21 : 
1.4.1.1 Reststrahlen effect 
Polarization in a crystal is defined as the dipole moment 
per unit volume given by 
D = E + 4% P .... (13) 
where D = 6 E is the displacement vector and £ is the 
dielectric constant of the material. From equation (13) 
we get 
P = ^ E .... (14) 
The low frequency contribution to the dielectric 
constant can be obtained using a simple model of an ionic 
crystal. 
For a linear diatomic chain the lattice waves can be 
subdivided into optical and acoustical branches. The dispersion 
relation for such a lattice having atoms of mass m and M with 
'a' as nearest neighbour distance is the following 
2 2 2 ' 
.^2^,2 _ f . /f 4f sin Ka\ /,I-N An V = ^ ± ( - 5 MTi ) ....(15) 
where f is force constant, K is wave vector and p, is 
reduced mass. Two roots of this equation give optical and 
acoustic branches. When electromagnetic radiation interacts 
with a crystal lattice, a photon may be absorbed provided the 
wave vector and energy are conserved. For infrared radiation 
the wave vector is extremely small compared with the wave vector 
: 22 : 
corresponding to the wave number of a lattice and for all 
ordinary optical phenomena may be considered to be essentially 
zero. Thus K = 0 and the frequency of the optical lattice 
mode is given by 
4 2 2;2 ^  2f .... (16) 
A macroscopic theory for the lattice vibrations of the 
optical branch has been given by Huang [l95l] and an infrared 
dispersion formula is obtained. He suggested that the polari-
sation P of the crystal lattice is linearly related to the 
relative displacement W of positive and negative ions, and 
to the local macroscopic electric field E. The expression is 
as follows: 
P = b2j^  W + b22 E .... (17) 
and the equation of motion will be 
*W = bj^ j^  W + bj^ 2 ^  .... (18) 
here b's are the constant characteristics of the crystal. 
Periodic solution for these equations will be 
(W,E,P) = (WQ,E^,P^)e^"* .... (19) 
Equations (17) and (18) will become then 
P = b2-L W + b22 E (20) 
and 2" " 
-w^W = bj^ W^ + bj^ 2^  (21) 
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Solving equations (14) , (20) and (21) for £ , we get 
471 b . Q b ^ , 
£ = 1 + 4TI b2^ + k . . . . (22) 
- b , , - w 
This equation is similar to the infrared dispersion formula 
£=e(~) +-^M-ZLli2l .... (23) 
l-(a)/u)^ )'' 
Comparing the equations (22) and (23) we get 
S.(oo) = 1 + 47I; b22 •••• (24) 
u = -b,, .... (25) 
(£(0) -£(oo))w^ = 4ii b^2 =^^21 ^^ ^^  
2 
Here w is the dispersion frequency, £.(oo) = n , 
n is the refractive index for light of w > > w in a 
non -dispersive region and &.(0) is the DC or low frequency 
dielectric constant. 
Since the dielectric constant is equal to the square 
2 
of the refractive index i.e. to (CK/w) for plane wave of 
frequency w and the wave vector K in an infinite medium, 
the oj versus K dispersion curves for transverse optical 
branches are directly related to this dispersion formula. In 
particular, the dispersion freq\jency w is identical with the 
TO mode frequency, w.. The LO mode frequency, Wp, is given 
: 24 : 
by the LST relation [Lyddane, Sachs and Teller 1941] 
1/2 
u)e = ^4f£}) -.^t — ^^'^ 
The Fresnel formula along with equation (23) helps in 
understanding resfcs&ahlen phenomenon. The fraction of light 
intensity reflected at normal incidence R depends upon 
refractive index, n = VB(W) . £((»)) =S(0) for (0=0. As 
(1) increases, n increases above the value V" £(0) °"^<^  becomes 
infinite at w = w = to and crystal becomes perfectly 
reflecting with R = 1. On further increasing w by an infini-
2 2 tesimal amount, w - (o takes a negative but infinitesimally 
small value which makes ^ = - ». £ remains negative with 
increasing co until becoming zero again for a frequency 
satisfying the relation 
fe(0) -6(«lJ(o^ 
0 =£-(«,) + 2 2 ' •••• (28) 
1/2 
This equation gives co = (B(0)/£(oo)) , co which i s 
the same as LO mode frequency Wp. The r e f r ac t ive index i s 
1/2 
therefore imaginary between the value co and co = (£(0)/fc(oo)) ^w 
which are the frequencies of TO and LO modes respec t ive ly and 
R = 1 over th is range. 
General izat ion of equation (23) for simple c rys t a l gives 
£M = E:{'») +Z — 5 - ^ . . . . (29) 
i w. - (0 
: 25 : 
S is known as oscillator strength, 
Here the resulting dielectric constant is a summation 
over several terms of the form of equation (23). These 
expressions were obtained treating the crystal in an harmonic 
approximation and higher order terms in the electric moment and 
anharmonicity are neglected which play an important role in the 
dissipation of energy. Anharmonicity would introduce damping 
of the lattice modes and the resulting expression will be 
£{ui) =£(~) + Z •—2 ^ ^ (30) 
j (I). - w + iy.ta 
Y being the damping constant. 
1»4.2 Infrared selection rules 
According to quantum mechanics [Nakamato 1978] the 
selection rules for the infrared spectra are determined by the 
transition moment integral 
[? Jij =f%(Q^) V^ ^j(Qa) clQg .... (31) 
where ^ is the dipole moment in the electronic ground state, 
\U and \p. are the vibrational eigen functions of the ground 
and excited states respectively. The activity of the normal 
vibration whose normal coordinate is Q , is being determined. 
By resolving the dipole moment into three components in the 
x,y and z directions, we obtain the following results 
26 : 
.... (32) 
If one of these integrals is non-zero, the normal 
vibration associated with the normal mode Q is infrared 
a 
active. If all the integrals are zero, the vibration is IR 
inactive. Since wave function \U belongsto totally symmetric 
representation [Cotton 1976],. the coordinate x,y or z and U^ . 
must belong to the same representation in order that the repre-
sentation of their direct product will contain the totally 
symmetric representation. The simple selection rule for infrared 
activity can be stated as 'A fundamental will be infrared active 
if the normal mode which is excited belongs to the same repre-
sentation as anyone or several of the Cartesian coordinates.' 
The character tables show to which representation the Cartesian 
coordinates belong and therefore infrared activity of a funda-
mental will be known. 
1.4.3 Analysis of infrared absorption and reflection spectra 
Because of the directional properties of lattice, the 
nature of infrared spectra depends on the orientation of the 
crystal with respect to the incident beam. The analysis of the 
effect of orientation of crystal with respect to the incident 
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beam can be made with help of group theoretical methods. The 
infrared activity of different symmetry species for the point 
groups is known from the character tables [Turrell 1972, Cotton 
1976] according to the selection rules. As described earlier, 
a vibration will be infrared active if the normal mode belongs 
to same representation as any one of the Cartesian - coordinates. 
For example, for C2U point group only vibrations of A and 
B symmetry show infrared activity. The vibrations of A 
symmetry transform as the Z - coordinate. Hence, if a crystal 
is oriented so that its Z - axis is parallel to the direction 
of electric vector in incident beam, the vibrations of A 
symmetry appear in the spectra,. Similarly vibrations of B 
symmetry will appear in the spectra when the electric vector 
of the incident beam is made parallel to either X or Y axis 
of the crystal. 
It is possible to relate the observed reflection spectrum 
to optical constants near the dispersion frequency by means of 
Maxwell's equations. Intrinsic properties of the crystals can be 
expressed in terms of the dielectric constant £(10) , the refractive 
index N(w), the conductivity aim) or the absorption coefficient 
a{ci)). These optical constants are related to each other through 
following relations [Martin 1965] 
£ = n^-k^ 
a = ui t 
, N = n - ik 
, s" = 2nk 
, a = 2 ^ k 
. . . . (33) 
. . . . (34) 
. . . . (35) 
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Simple electromagnetic theory of r e f l ec t i on from a 
plane surface of an i so t ropic mater ia l gives the Fresnel 
r e l a t i o n for i n t ens i ty re f l ec t ion coeff ic ient R a t normal 
incidence. Then n and k are given by 
n = (l-R)/(l+R-2Fl^/^ Cos e) (36) 
k = -2R-'-/^ Sin 9/( 1+R-2R-'-/^ Cos 0) (37) 
where Irl =R ' . The phase difference 0 between 
the incident and re f lec ted waves a t a given frequency, w , 
i s obtained from the Kramers - Kronig dispersion r e l a t i o n 
[Kramers 1927, Kronig 1929] 
1 O* 1 -I r-^  / \ tO+U) 
e(-c) = - ^ / " V''^ 109 \^^l ^- •••• (38) 
""0 c 
From the measured R(w), 0(w ) is determined and then 
^ and €^  or n and k can be computed from the above relations. 
However, the Kramers - Kronig analysis requires the measurement 
of R over a wide range of frequency and it is necessary to 
extrapolate the measured R(w) to w — > <» and w = 0. To do 
this reliably for 6(a)) in the far-infrared it is generally 
necessary to take the measurements through to the near-infrared 
and down to the microwave region. 
The classical oscillator fit method is employed to 
determine optical constants of the crystal when reflection 
spectrum is taken for far-infrared range of frequency [Perry and 
Young 1967], The optical behaviour is then interpreted in terms 
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of the dielectric constant given by equation (30). 
The equation (30) is a sum over all the observed TO 
mode frequencies a). , oscillator strengths S. and damping 
3 
constant Y.. Appropriate values of w., S, y and £(oo) are 
J ^ 
taken to compute a reflection spectrum with the help of equation 
(12), (30), (33) and (34). 
Thus we get the reflectance for an infinite thickness of ' 
the crystal. Its value for a crystal of finite thickness, d, 
is given as 
R* =:[(1-T^),/^^^ S m ^ a/2 ^^^ ....(39) 
(1-RT) + 4RT Sin^ (0--a/2) 
where T = e""^^*^^/^, a = AnnVd and tan G = ^^ ^ , 
l-(n +k ) 
T being the transmittance of the crystal. 
To find a fit to the experimental data, values of £(a)), 
n,k and R and then R* were evaluated by varying the para-
meters ^(«>), S, w. and y in equation (30) with the help of least 
square fit method on VAX-ll/780 computer system. This theoretical 
fit is then compared with the experimental one and the deviation 
of the calculated values of R* from the experimental data has been 
found. The optimum fit values of the parameters are obtained by 
trial and error. 
The equation (30) considers frequencies of TO modes only 
and frequencies of LO modes (wp ) are not obtained from this 
equation. The LO mode frequency for single oscillator may be 
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obtained from the LST relation when £(«•) andB(O) are known, 
For crystals having more than one reststrahlen band, the 
generalized LST relation will be 
2 
|44 = TT - ^ .... (40) 
^ J=l 0 ) ^ . 
This relation alone may not give accurate values of LO 
mode frequencies for more than one band. In such a case these 
frequencies may be evaluated with help of the dielectric function^ 
The imaginary part of the inverse dielectric function gives rise 
to a maximum at LO mode frequency. Hence, the frequencies of LO 
modes can be obtained from the positions of maxima corresponding 
to different bands in the imaginary part of inverse dielectric 
function versus frequency curve. Values thus obtained are then 
fitted in the LST relation. 
£(0), the static dielectric constant has been calculated 
from the relation 
n S^ 
e(o) =e(oo) +1 —4— .... (41) 
j=i " t . 
3 
1.5 RAMAN SPECTRA 
1.5.1 Raman scattering 
Light scattering experiments have become important for 
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several years for investigating the properties of matter. They 
stand along with neutron diffraction, X-ray diffraction, spin 
resonance and infrared reflectivity as one of the principal means 
for investigating phase transitions in crystals. The symmetry 
information available from polarised scattering helps in deter-
mining static lattice structure. In the light scattering 
experiments a collimated beam of light from laser is focussed 
onto the entrance slit of the spectrometer and the light passing 
through the spectrometer is converted into a series of current 
pulses by the photomultiplier. These pulses are either counted 
or simply integrated to produce on the recorder a trace of 
intensity versus wavelength. Smekel [1923] studied the scattering 
of light by a system with two quantized energy levels and predicted 
the existence of side bands in the scattered spectrum. Sir C.V. 
Raman [l928a, b] found that light scattered from a liquid contains 
side bands in pairs symmetrically displaced around the incident 
frequency with shifts identical to the frequencies of some infrared 
vibrational lines. In the same year Landsberg and Mandelstam [1928^ 
observed similar phenomenon in quartz. This inelastic scattering 
of light by molecular and crystal vibrations is known as Raman 
scattering. The Raman spectra originate in the electronic pola-
risation caused by ultraviolet or visible light. If a molecule 
is irradiated by monochromatic light of frequency l) then as a 
result of the induced electronic polarisation in the molecule, 
the scattered light is found to possess {'))± 'P/) frequencies 
in addition to l/(Rayleigh scattering). Here 2^ . represents a 
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vibrational frequency of the molecule. The scattered radiation, 
therefore, has a pair of frequencies lower and higher than the 
frequency of incident radiation, in addition, to the Rayleigh 
frequency. The phenomenon responsible for the lower frequency is 
known as Stokes Raman scattering and for the higher frequency as 
anti-Stokes Raman scattering. In Stokes Raman scattering a photon 
of frequency 2^p is absorbed and simultaneous emission of Stokes 
photon of frequency ^ ~ ^ p ~ v "^ k^es place. To conserve the 
energy the molecule is excited to a higher level (virtual level, v) 
of energy hcV ( Vis in cm" ). If, on the other hand molecule 
is initially in the excited state (E = he >* ), an anti-Stokes 
photon of frequency ;}).<, - lX +'^ may be emitted along with the 
de-excitation of the molecule from excited state to ground state. 
Since anti-Stokes emission depends on the number of molecules in 
the initial excited state, it is weaker than stokes emission. A 
partial quantum mechanical explanation for Raman scattering pheno-
menon is as follows [Brandmuller and Moser 1962]. Here the radia-
tion is treated classically and is regarded as the source of per-
turbation of the molecular system which is treated quantum mecha-
nically. The transitions between energy levels of the molecular 
system take place with the emission or absorption of radiation, 
provided the transition moment associated with the initial and 
final molecular states is non-zero. The transition moment is 
defined by 
Pfi = <4'f iPol ti> •••• ^"^^^ 
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using Dirac bracket notation. Here \p. and ^^ are the wave 
functions for the initial and final states, respectively, and 
P is the induced dipole moment operator of the system. The 
induced dipole moment is given by 
P^ = a E .... (43) 
0 0 
where a is the polarisability of molecule and E is 
the electric field. 
Thus, in quantum mechanical terms, if a transition from 
an initial state i to a final state f is induced by incident 
radiation of circular frequency w , the transition moment ampli-
tude associated with this change is given by 
t^ o^^ fi = <^f '"'I %>' ^o •••• ^"^"^^ 
The wave functions ^ and U^ and the polarisability 
tensor a are functions of all the coordinates of the system, 
and the integral is over all the coordinate space. 
In equation (44) electric field vector has not been 
included in space integral. Above equation is adequate for the 
calculation of transition moment amplitude of molecular systems 
whose dimensions are small compared to the wavelength of the 
incident radiation. In such case the electric field vector will 
remain sensibly constant over the molecule. In higher order 
approximations and for large molecules, the vibration of the 
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electric field over the molecular system must be taken into 
account. Scattering which is of electric quadrupole and magnetic 
dipole origin arises from this higher order treatment. 
Equation (43) implies that the magnitude of the components 
of P are related to the magnitude of the components of E by 
the following three linear equations 
tPxo^fi = t«xx^fi ^ xo -^  ta,y]fi E^^ + [a^J^i E^^ 
I ^ V ^ f i = '^"'yx^fi So ^ I ^ V ^ f i S o "" ^ V - ^ f i So . . . . (45) 
t^zo^fi = t a ^ ^ ] ^ . E^^ + [a^y]^ . E^^ + [ a ^ J ^ ^ E^^ 
where 
Kx^fi = <yf \^J%> 
Ky3fi = <tf IVH1> 
(46) 
and so on. [ffj^ j^ lf^  , [^xy^fi ^^ ® termed 
matrix elements of the p o l a r i s a b i l i t y tensor components a , 
A A 
a for the t r ans i t i on f •< > i . 
xy 
1.5.2 Selection rules for Raman Scattering 
As stated above for Raman scattering, it is necessary 
that transition moment associated with the initial and final 
molecular state should be non-zero. The transition moment 
integral is given by 
Mfi =fff (Qg) a ^^ (Qg) dQg .... (47) 
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The Raman a c t i v i t y of the normal v ibra t ion whose normal 
coordinate i s Q_, i s being determined.. The requirement tha t 
the above in tegra l be non-zero means tha t there must be some 
change in p o l a r i s a b i l i t y of the molecule when the t r an s i t i on 
occurs . Since a consis ts of six components a , a , oc , 
a , a , a , the equation (47) can be resolved in six 
xy' yz ' zx • ^ 
equat ions: 
[ "yy^ f i "^^'i ("a' "n"^^ <°a' ""a • • • • '^^^ 
t « z z 5 f i = J " ? f (Qa) « z z H i (%' '^ Qa 
and so on. 
If one of these in tegra l s i s non-zero, the normal v ibra t ion 
associated with the normal coordinate Q. i s Raman ac t i ve . If 
a 
a l l the in t eg ra l s are zero, the corresponding v ib ra t ion i s Raman 
inac t ive . In these in tegra l s a i s one of the quadrat ic func-
2 2 2 t ions of the Cartesian coordinates, v i z , x , y , z , xz, xy, 
2 2 ^ X -y e t c . 
A fundamental transition will be Raman active if the 
normal mode involved belongs to the same representation as one 
or more of the polarisability components of the molecule [Cotton 
1976]. The quadratic functions of Cartesian coordinates are 
listed opposite the representation that they generate in the 
character tables. 
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1.5.3 Analysis of ..Raman Spectra 
In Raman scattering, the nature of spectrum depends on 
the orientation of the crystal with respect to the incident and 
scattered beams. The analysis of the effect of the incident and 
scattering light, as well as orientation, can be made using the 
group theoretical methods. The Raman activity of vibrations of 
different species of a point group can be known from the character 
tables. For example, for a monoclinic crystal of class C2^, only 
vibrations of A_ and B^ species are Raman active. A given 
g g 
polarisability component a = a couples exciting radiation 
xy yx 
polarised in the X or Y direction with induced oscillating 
dipole moment parallel to Y or X respectively. The dipole 
moment induced in the crystal by the exciting radiation is given 
by 
% = «xy s "^^  ^ = V x^ •••• ("^^^  
Hence if a crystal of this class is excited by a beam 
polarised parallel to X axis and the scattered light is 
observed with a polariser set parallel to the Y axis, only 
vibrations of species B will contribute to the detected light 
y 
intensity. Loudon [1964] has tabulated Raman tensors for the 
Raman active species of all the 32 crystallographic point groups 
with reference to three mutually perpendicular axis OX-. » OX^ 
and OXg defined by Nye [1957]. For a monoclinic crystal belon-
ging to the point group C21., the Raman tensors are 
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Ag = 
a 0 d 
0 b 0 
d 0 C 
and Bg = 
0 e 0 
e 0 f 
0 f 0 
. . . . (50) 
where a l l the tensor elements are unequal and independent 
of each o ther . 
The opt ica l proper t ies of c ry s t a l s can bes t be understood 
in terms of three mutually perpendicular axes known as the 
p r inc ipa l axes of ind ica t r ix [Wahlstrom 1969]. In the monoclinic 
c l a s s of c r y s t a l s , these axes do not coincide with the c r y s t a l l o -
graphic axes except the Y- i n d i c a t r i x axis ( Y / / b ) . The Y-
i n d i c a t r i x axis i s fixed in the c rys t a l as i t s b-axis and i t i s 
independent of any change of frequency and temperature [Nye 1957]. 
I t also coincides with the 0X2-axis as defined by Nye. Using 
Nye's c r i t e r i o n of defining the d i f fe ren t axes, we have 
0X2^ OY S b 
(Nye's axisX indi- (crystallagraphic axis) 
catrix 
axis) 
The X- and Z- indicatrix axes change with frequency 
and temperature in such a way that all the three axes always 
remain orthogonal to each other. To avoid any complications 
due to a change in polarisation, one should express Raman 
tensors with reference to the indicatrix axes. For this, the 
set of axes defined by Nye [l957] has to be transferred into 
the indicatrix axes simply by a rotation around OYS.OX2 by 
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an angle equal t o t h a t between OX and OX, or OZ and OX *^ 
In order to t ransform Loudon's Raman t e n s o r s with r e f e r e n c e to 
the i n d i c a t r i x axes of the c r y s t a l s , the s i m i l a r i t y t ransforma-
t i o n s [Loudon 1964] have been app l i ed d i r e c t l y to t he se Raman 
t e n s o r s . 
The d e s i r e d Raman t e n s o r s thus come out to be 
A ' = T g 
a 0 d 
0 b 0 
d 0 c 
. -1 
and B = T 
0 e 0 
e 0 f 
0 f 0 
n-1 
where , 
T = 
Cos 0 0 - S i n 9 
0 1 0 
Sin 9 0 Cos 9 
and T - 1 
(51) 
Cos 9 0 Sin 9 
0 1 0 
-Sin 9 0 Cos 9 
Af t e r a simple ma t r i x man ipu la t ion , we ge t 
(52) 
A ' = 
aCos^9+cSin^9-dSin29 0 (a-c)Sin9Cos9+dCos29 
0 0 
_ (a-.c)Sin9.Cos9H-dCos29 0 aSin^9+cCos^9+dSin29 
A 0 D 
0 B 0 
D O C 
(53) 
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and 
Bg' = 
0 e Cos 9-f Sin 0 0 
e Cos9-f Sin 0 0 e Cos 0+f Sin 0 
0 e Sin 0+f Cos 0 0 
0 E 0 
E O F 
0 F 0 
. . . (54) 
. . . (55) 
Here 
Tr A • = A+B+C = a+b+c = Tr A„ 
g g 
and Tr B ' = 0 = Tr B 
... (56) 
... (57) 
Since the traces remain unchanged, the original Loudon's 
tensors are still applicable to interpret Raman data. However, 
it is to be noted that the original Loudon's tensor elements 
a, b, c, d, e, and f have changed and this change would 
effect the intensities of the observed Raman bands appreciably. 
The intensity of the bands will depend on the new components of 
the polarisability tensors. 
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1'6 PHASE TRANSITIONS IN SOLIDS 
1,6.1 Kinds of phase transformations 
Different kinds of phase transformations in solids can be 
categorized into three types following Burger's classification 
[Burger 1951] 
1. Reconstructive phase transformations 
2. Distortive phase transformations 
3. Martenistic phase transformations 
The first two types involve change of structure at the 
phase transition point. Phase transitions can be either of 
first order or second order. In first order transitions energy, 
volume and crystal structure change discontinuously and in the 
second or higher order transitions energy and volume change 
continuously but the temperature derivatives of these quantities 
have singularity [Biirger 1951]. 
1. Reconstructive phase transformations 
The transformations involve the disruption of old structure. 
The atoms of the solid reconstruct a new lattice after disinte-
grating the original structure. These transitions are often 
slow due to the involvement of transport of matter. These 
transitions are of first order [Muller 1981]. The modification 
of a compound from amorphous to crystalline state comes into 
this category. 
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2. Distortive phase transformations 
In distortive type phase transitions the regular lattice 
is distorted slightly without disrupting the linkage of the 
lattice network [Blirger 1951]. This can occur in two different 
ways: 1. By small displacements in the lattice positions of single 
atoms or molecular units known as displacive phase transitions 
and 2, by ordering of atoms or molecules among various equivalent 
positions known as order - disorder transitions. The structural 
phase transitions within the crystalline system come into the 
category of distortive phase transitions. A brief discussion 
of this type of phase transitions will be given later. 
3. Martenistic phase transformations 
Martenistic phase transformations are polymorphic tran-
sitions. In' this type of transitions atoms of the crystal 
lattice do not interchange places [Muller 1961]. It is a 
diffusionless transformation in which the two phases are 
related by shear deformations. The transformation usually 
proceeds by means of the nucleation of new phase crystals 
Va-rv 
inside the initial phase [feool 1973]. 
1.6.2 Distortive phase transitions 
Phase transitions in the crystals can best be studied by 
introducing a parameter known as the order parameter. Below the 
phase transition temperature T., it acquires non-zero value and 
C 
: 42 : 
its value increases with decrease in temperature. Above T , 
its value is taken to be zero. In the case of order-disorder 
transitions the degree of ordering inside the crystal is 
considered as order parameter while for displacive transitions 
it may be taken as the amount of displacement in the lattice 
positions of atoms. For a pure order-disorder phase transition 
Muller [l9Sl] has taken the order parameter as 
Q(T) = V"^ £ (Q^^ - Q M •••. (58) 
. *o+ ^o-' 
in analogy with the magnetic ordering in a ferromagnet. The 
magnetization M(T) = V" Z ^\^o+ ~ V*-©-^  ®^ ^ measure of the 
number of ordered atomic magnetic moment \i, , per unit volume, 
of an infinite solid in the magnetization direction in a ferro-
magnet. According to Muller the displacive type and order-
disorder type phase transitions can be distinguished on the 
basis of atomic single cell potentials [Bruce 1978]. Figure 1.2 
shows schematic representation for one spatial coordinate Q; with 
, . 2 4 
anharmonic potential V(Q; = aQ + bQ , where b is a positive 
constant while a has values less than zero. This double well 
potential has two minima and a maximum, with energy difference 
AE = a /4b. If this difference A E >> K T , ordering between 
QQ4. = + l|i-a/2b3 is responsible for phase transition whereas for 
AE << K T , a continuous cooperative displacement of atoms takes 
place along Q as a function of temperature below the transition 
temperature. The coupling of different cells, i and j in the 
regular lattice causes the transition having interaction energy 
> 
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V = S C. . Q.Q.. A non-zero single cell anharmonicity is 
i>j ^^  ^ ^  
also needed in displacive systems. A complete harmonic 
potential does not yield a phase transition despite V jf^  0. 
The dynamic behaviour of the two types of phase 
transitions is also different. The order-disorder systems 
behave like the magnetic ones. Their excitation spectrum 
shows relaxation character above T^ and is centered about 
c 
0) = 0. A mode of finite frequency exists only below T . 
On the other hand in displacive systems, a mode of finite 
frequency exists even above T and tends to freeze out on 
approaching T from above. Near the phase transition point 
T , free energy of the system using self consistent mean field 
theory [Cowley 1974] is given by 
2 4 
F = FQ + A <Q> + B <Q> + higher order terms .... (59) 
where <Q> = Q(T) and A = a(T-T_), a and B are temperature 
independent coefficients. Solution of this equation gives 
F/ <q>^ = m w^(T) (60) 
taking into account the inertia of the atoms. The mode w (T) 
is known as soft mode [Cochran 1959, Anderson I960]. 
For T > T^ , 0)^  = 2(a/m) (T-T^) 
and for T < T^, w^ = 4(a/m) (T^-T) 
.... (61) 
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1•6.3 Incommensurate phase transitions 
Apart from the transitions discussed above a totally 
different kind of phase transition is known to occur in solids, 
called the incommensurate phase transition. In this transition 
the distorted phase is incommensurate with high temperature 
phase [Riste 1978], A schematic illustration of the distortion 
accompanying an incommensurate transition appears in figure 1.3 
[Fleury and Lyons 1981]. In this transition the wave vector 
associated with order parameter, q^ , is not an integral multiple 
of a translation vector of the high temperature phase [McMillan 
1975]. The eigen vector of the soft mode § u corresponds to a 
two component order parameter depending upon both amplitude and 
the phase of vector. 
Su(r) =§u exp (iq^ - r) .... (62) 
For an incommensurate transition 
q^ = [2Ti(l-g)/na] .... (63) 
where a is lattice constant in the high temperature phase, 
n is an integer and g is an irrational number, small compared 
to unity. The long wavelength fluctuations about the new 
structure describing the excitations in the incommensurate phase 
can be decomposed into two components known as amplitudon and 
phason. Amplitudon is the amplitude mode, in which the amplitude 
I $u| is uniformally changed and in phason, the phase of the 
46 
Ug( «)«UQC04 Zir»/o 
Fic|. 1.3 • Schematic representation of an in-
conv«t:nsurdtc phase transition. The static parti-
cle displacements in the parent phase (UQ) are 
shown, together with the incommensurate distor-
tion 6\j. The incommensurate structure is deter-
mined by the sum uo(x) +'5u(x) 
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Su is uniformally shifted [^u >£u exp ( iQ) ]. The 
amplitude mode behaves as a normal soft mode in the ordered 
phase of a commensurate transition. The phase mode behaves 
differently. Because ah incommensurate distortion can be 
uniformally displaced by an arbitrary amount without cost in 
energy, the frequency of the q = 0 phason must be zero. 
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EXPERIMENTAL TECHNIQUES 
2.1 GROWTH AND PURIFICATION OF CRYSTALS 
The crystals for the measurement were grown by slow 
evaporation of aqueous solutions at room temperature and 
purified by recrystallization. Crystals of (NH.)^H(S0.)2 (TAHS) wer 
grown from evaporation of an aqueous solution containing 40.8 wt*/ 
of (NH^)2S04 and 24.0 wt 'A of H2SO4 [Gesi 1976]. The crystals 
grown were transparent in the shape of hexagonal plates of 
10x15 ram and about 1 mm thick. The crystals of {ZW^W^r^vCl^ (MATZ 
and (NH.)2ZnBr. were grown from aqueous solutions of their 
constituent compounds in stoichiometric ratio.[Perez-Mato et al 
1981, Moskalev et al 1982], (CH2NH3)2ZnCl4 crystallizes in a 
prismatic shape having its monoclinic axis along the C-axis. 
The crystals of (NH.)2ZnBr. were in form of parallelpiped with 
3 
dimensions 5x5x2 mm . 
2 . 2 CONFIRMATION OF CRYSTAL STRUCTURES 
The structure of crystals grown were confirmed by indexing 
the x-ray diffraction pattern of powder samples. The pattern was 
recorded on a Philips x-ray diffractometer model PW 1130 used 
in conjuction with the Philips recorder unit model PM 8000 at 
1 mW. Monochromatic Chromium and CuKa radiations were used as 
incident radiations. The scanning speed was S^niinute. Chart 
speed was 15 mm/minute. The 2© values for the different reflectionj 
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were read from the chart recording and the value of interplanar 
was 
spacing 'd'/calculated using the Bragg relation in the first 
order 
n A = 2d Sin © .... (63) 
Once the d values are known use can be made of geometrical 
relation between the crystallographic axes, the Miller indices, and 
interplanar spacing *^ hk:l' ^ ° assign the appropriate indices to 
each reflection [Warren 1976]. 
The crystals of {l^H^)^HiSO^)^ and (CH3NH3)2ZnCl^ are 
monoclinic while iUH.)2^nBT. is orthorhombic. For the orthorhombic 
system this relation has the following form: 
u2 ,2 ,2 
K— = —T^ + — « — + ——K .... [ 64; 
^hkl ^ ^ ^ 
and for a monoclinic system, relation is 
h^ ^ f^ 2hl Cos B 
^ ^ + - ^ - i^ E ^2 
- ^ = +—^ .... (65) 
^hkt Sin p b 
where a,b,c and p are lattice parameters and h,k,l are 
miller indices. By varying the integers h,k,l and substituting 
the value of a,b,c and p known for the crystals in the above 
relation, the interplanar spacings d. . . for different h,k and 
I were calculated. These calculated values were then compared 
with observed values and those values of ^hk£ were marked for 
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which the r e f l e c t i o n s were obse rved . Thus the peaks in the 
d i f f r a c t i o n p a t t e r n were indexed and c r y s t a l s t r u c t u r e s were 
confirmed. F i g u r e s 2 . 1 , 2 .2 and 2 . 3 show d i f f r a c t i o n p a t t e r n s 
of (NH4)3H(S04), (CH3NH3)2ZnCl4 and (NH^^nBr^ r e s p e c t i v e l y . 
2 . 3 INFRARED MEASUREMENTS 
The i n f r a r e d r e f l e c t i v i t y measurements in the tempera ture 
range 10-300 K and room tempera ture t r ansmis s ion spectrum in the 
FIR reg ion were performed with a commercial F o u r i e r t ransform 
spec t romete r Po ly tec FIR-30. F o u r i e r t ransform spec t roscopy uses 
the i n t e r f e r e n c e or c o r r e l a t i o n p r o p e r t i e s of l i g h t as a func t ion 
of path d i f f e r e n c e us ing two-beam i n t e r f e r o m e t e r . The r eco rd ing 
of the de t ec t ed s i g n a l ve r sus o p t i c a l path d i f f e r e n c e i s c a l l e d 
the i n t e r f e rog ram. This in t e r f e rogram i s then conver ted i n t o a 
spectrum us ing F o u r i e r a n a l y s i s . This spectrum i s known as 
F o u r i e r t ransform and the method as F o u r i e r t ransform spec t roscopy 
[Geick 1976] , The room temperature s p e c t r a in the NIR reg ion were 
recorded with a Perkin-Elmer 983 IR s p e c t r o m e t e r . 
2 , 3 . 1 Po ly tec FIR-30 spec t rometer 
Po ly t ec FIR-30 spect rometer c o n s i s t s of a f a r - i n f r a r e d 
Michelson i n t e r f e r o m e t e r f o r the 10-1000 cm" s p e c t r a l r eg ion 
with beam s p l i t t e r with the movable mi r ro r and f ixed m i r r o r s . I t 
works on l i n e with a small 4K memory d i g i t a l computer. The 
o p t i c a l diagram of the spec t romete r i s shown in f i g u r e 2 .4 
[Geick 1976] , The ins t rument i s b u i l t up of the t h r ee modular 
u n i t s : Source and i n t e r f e r o m e t e r compartment, sample chamber 
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and detector housing. There are generally two foci in the 
sample chamber in other Fourier transform spectrometers. One 
of the foci is used for the sample spectrum, and the other for 
the reference or background spectrum. Polytec FIR-30 spectrometer 
has only one focus in its sample chamber. A separate attachment 
is included in the spectrometer for reflection measurement 
(figure 2,5). By means of two mirrors (MR^) the optical arrange-
ment in the sample chamber can be used for reflection and trans-
mission in the same way as if there were two foci. The two mirrors 
(MC) can be turned automatically by operating a switch on the 
control board. A chopper is used for modulating the radiation 
at a certain frequency. The radiation source is a water cooled 
80 watts d.c. operated high pressure mercury lamp. Transparent 
dielectric films of polyethylene tetraphthalate of various thickne-
sses for different spectral regions, are used as beam splitters. 
The detector is an all solid state Goley cell. A double stage 
-3 
mechanical pump was used to obtain a vaccum of 10 Torr. The 
frequency calibration and resolution of the instrument were checked 
by recording the well documented pure rotational spectrum of water 
vapour. The accuracy of the measurements is + 1 cm"" for sharp 
bands and + 5 cm" for diffuse and broad bands. 
2«3.2 Perkin-Elmer 983 IR spectrophotometer 
The NIR absorption spectra at room temperature were 
recorded on Perkin-Elmer 983 dual beam grating spectrophotometer. 
This spectrophotometer consists four gratings and 9 filters. 
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It covers the frequency range 5000-200 cm" . A coated caesium 
iodide lens thermocouple was used as detector. The resolution 
-1 -1 
of the instrument is 1-0.5 cm at 1000 cm with a reproduction 
of + 0.5 cm" . The accuracy of the recorded spectra is + 2 cm" 
-1 for sharp bands and +10 cm for broad and diffuse bands. The 
optical ray diagram of the spectrophotometer is shown in figure 2,6. 
2,3.3 Scan of IR spectra 
The infrared reflectance measurements of the compounds were 
performed on single crystals while transmission spectra at room 
temperature in FIR and NIR spectral regions were recorded on powd-
ered (microcrystalline) samples on KBr pallets. For obtaining 
good transmission spectra extremely thin samples (--^ 0.1 \x) are 
required because of the high absorption associated with fundamental 
lattice modes. Since it is impractical to prepare crystals of this 
thickness for these compounds, the transmission spectra were re-
corded for microcrystalline samples. However, the IR study of 
single crystals of finite thickness can be made either by specular 
reflectance or by attenuated total reflection techniques [Harrick 
1970, Fahrenfort 1961, Fahrenfort and Vissera 1963]. Generally 
pressed disc [Schiedt 1952, Stinnson 1952] and nujol mull techniques 
[Barnes et al 1944, Price and Tetlow 1948] are used to study the 
transmission spectra in powder form. It is required for both the 
techniques that particle size of the solid should ideally be 
less than the wavelength of the incident radiation because this 
brings down the possibility of the phenomena of reflection and 
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refraction that might show their serious effect on the recorded 
spectrum. 
2.4 RAMAN MEASUREMENTS 
The Raman spectra of the TAHS crystals were recorded with 
the help of Spex Ramalog 1403 double monochromator whereas the 
spectra of MATZ crystals were recorded on a Jobin Vyon model 
Ramanar U 1000 double monochromator coupled with cooled photo-
multiplier tube. An external Spectra Physics Ar laser is used 
o 
as a source of monochromatic radiation. 5145 A Argon ion laser 
line with constant power of 300 mw was utilized to irradiate the 
crystal. 
2.4.1 Spex Ramalog 1403 double monochromator 
The optical diagram of the instrument is shown in figure 
2.7. The Raman spectra were recorded by passing the laser beam 
through Spex 1459 UVISIR illuminator after being diffracted 
from the 'laser mate', a small grating monochromator to isolate 
the background plasma lines. The laser beam is directed vertically 
upwards to the sample by a mirror. A fused silica condensing lens 
is used to focus the beam on to the sample to a spot of diameter 
f^ '^lO \im* The scattered radiation is collected by an elliptical 
mirror (f/l.4) and focussed onto the entrance slit of the spectro-
meter. A polarisation analyser is placed in the path to analyse 
the polarisation of the scattered beam. The analyser transmits 
light of a particular polarisation depending on the orientation 
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of the polariser. A quartz wedge depolariser is placed after 
the polariser to eliminate the polarisation dependent efficiency 
of the grating. 
The scattered radiation entering the slit is spectrally 
analysed by double monochromator. An extremely low stray light 
level can be achieved by coupling two grating monochromators. 
The Spex 1403 double monochromator is of Czerny-Turner type with 
scanning range from 31000 cm" to 11000 cm" . An accuracy of 
+ 1 cm" in the 10000cm" range, a spectral repeatability of 
+ 0.2 cm" and resolution of 0.15 cm" can be achieved by the 
instrument. The double monochromator has a relative aperture of 
f/7.8 with the two holographic gratings ruled with 1800 lines/mm 
o 
and blazed at 5000 A. The gratings are mounted on a modified 
Czerny-Turner mount. 
An RCA 31034 photomultiplier tube (PMT) was used for 
obtaining the spectral data. It was cooled to ~20 C by a 
thermoelectric cooling device to reduce the dark currents which 
arise mainly because of thermionic emission from the photo-
cathode. The PMT consists of gallium arsenide chip as its 
photocathode,an ultraviolet transmitting glass window and an 
in line copper beryllium dynode structure consisting of eleven 
dynodes. 
The spectrometer control and data processing were carried 
out through an 8 bit microprocessor 'SPEX DATAMATE'. With the 
help of inbuilt software the spectral data are manipulated for 
65 : 
the desired frequency range. The incoming spectral data 
as well as the manipulated data are stored in the 4K data point 
storage in any of its eight variable length files. The stored 
data are plotted on a strip chart recorder. Using programming 
options, all operations from data collection to output can be 
completely automated. It is also possible to bypass the data 
storing options and record the spectra directly on the strip 
chart recorder. DATAMATE also supplies high voltage to PMT 
with a stability of + 0,002yi after half an hour warm up. The 
high voltage is CPU selectable in 10 volts increments. 
2.4.2 Ramanar U 1000 double monochromator 
To record the Raman spectra laser beam is entered into 
the sample compartment (figure 2.8) through accessory support (l) 
Laser shutter (2) is mounted on accessory support and controlled 
by scan controller for automatic closing near the excitation 
frequency. The laser beam is aligned in the direction of the 
axis of sample compartment by collimating mirrors (3a and 3b). 
Condensing lens (4) is used to focus the beam on to the sample. 
The sample holder (5) has adjustments in three perpendicular 
directions. Benoist-Berthout collecting lens (6) (f/1.8) with 
translation adjustments collects the scattered radiation which 
is then focussed onto the entrance slit of the spectrometer. 
Lens adjustment knob (?) adjusts height of collecting lens. 
Intensity of bands in the spectra may be increased considerably 
s » — • 
Fig.2-8 Sample compartment 
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by perfect adjustment of spherical mirror (8). The sample 
compartment is attached to the monochromator by accessory holder. 
The Ramanar U 1000 double monochromator is also of 
Czerny-Turner type. Figure 2,9 shows the optical ray diagram 
of the monochromator. The main components of Ramanar U 1000 are 
two identical monochromator in an additive mount equipped with 
plane holographic gratings (R, and R2) with 1800 lines/mm in 
standard version. An accuracy of +lcm"' in the 10000 cm" range 
and resolution of 0.10 cm" can be achieved by the instrument. 
The spectral data is obtained with help of peltier-cooled photo-
multiplier tube and recorded by X-Y recorder. 
The frequency scanning is controlled by the microprocessor 
scan controller spectralink. The microprocessor displays frequency 
of exciting line, Raman shifts in wave numbers, scan speed in 
cm"* /min and supplies high voltage to PMT. 
2.4,3 Scan of Raman spectra 
For recording the Raman spectra of single crystals the 
samples in the rectangular plates were cut so that the phases 
of the plate remain perpendicular to the crystal axes. To cut 
the crystals along their axes, their indicatrix axes were 
identified through the polarising microscope. These crystals 
were mounted on sample holder so that two of the axes lie along 
the direction of propagation of incident and scattered radiation. 
The third axis remains along the direction of electric vector in 
: 68 : 
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the incident beam. The different orientations of crystal axes 
relative to the direction of incident and scattered radiation 
and direction of electric vector in incident and scattered 
radiation give various components of polarisability tensor. 
The mininium number of geometries needed for a complete 
study of Raman tensors depend on the symmetry of the crystal | 
[Turrell 1972], If a crystal is oriented such that it is excited 
by a beam polarised parallel to the x-axis and the scattered 
light is observed with a polariser set parallel to the y-axis, 
the corresponding geometry of the crystal will then give a 
xy 
component of polarisability tensor. 
Porto [1969] has proposed a notation for defining the 
geometry used in recording the spectra. Any geometry is repre-
sented by using four symbols which define the propagation direction 
of the incident radiation, the direction of the electric vector 
of the incident radiation, the direction of the electric vector 
of the scattered radiation and the direction of propagation of 
the scattered radiation. For example in a notation Z(XY)X, Z 
and X outside the parentheses represent the direction of pro-
pagation of incident and scattered light respectively while the 
symbols X and Y inside indicate the direction of electric 
vector in the incident and scattered radiation respectively. 
The two symbols inside parentheses define the component of the 
scattering tensor being measured. Hence the above notation 
represents a component of the polarisability tensor, 
xy 
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2.5 MEASUREMENTS AT DIFFERENT TEMPERATURES 
To record the polarised Raman spectra of TAHS crystal in 
the temperature region 10-300 K, an Air Products closed cycle 
helium cryocooler, Displex Model CSA 202 E was used to cool the 
sample from 300 K down to 10 K. It consists a compressor model 
202 and DE 202 Expander module (figure 2,10). The temperature 
of the system for any particular value was controlled upto a 
precision of + 0.5 K by a digital temperature controller model 
APD-E. Temperature sensing and monitoring were achieved through 
a precalibrated gold versus chromel thermocouple. The absolute 
temperature of the sample was accurate within + 3 K due to 
laser heating etc. The refrigeration capacity of cryocooler is 
1.8 watts at 20 K. The crystal was mounted through conductive 
_5 
glue on the sample holder. The system was evacuated upto 10 
Torr by a Hind HiVac diffusion pump, thereby providing the 
necessary thermal insulation. A home made heavy (-^^  150 kg) stand 
made of stainless steel was used to support the expander module. 
The shaft of the stand was fixed in such a way that it could be 
moved back and forth in two perpendicular directions in horizontal 
plane. The movement up or down in the vertical axis was made 
possible through a gear and screw arrangement in the arm of the 
stand. Hence the crystal was oriented in the necessary confi-
guration to obtain the polarised Raman spectra. 
For reflectance measurements at different temperatures 
in the temperature range 300-10 K, crystals were cooled using 
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an Oxford Instrument CF-lOO continuous flow c r y o s t a t . The 
measurements were made a t I n s t i t u t e of Physics, Univers i ty of 
Wiirzburg, Federal Republic of Germany. 
The Raman spectra of MATZ c r y s t a l s above room temperature 
for random or i en ta t ion were recorded with the sample in a c e l l 
heated by a var iac and the temperature s t a b i l i t y of the ce l l 
was about + 3 K. The temperatures were measured with a c a l i -
brated copper-constantan thermocouple. 
: 73 : 
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CHAPTER-III 
FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF (NH^)3H(804)2 
* 
This work is accepted for publication and will appear 
shortly in J, Phys. C: 21 
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FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF (NH4)3H(S04)2 
3.1 INTRODUCTION 
Triammonium hydrogen disulphate, (NH4)2H(S0.)2, (hereafter 
referred as TAHS) has six polymorphic modifications at atmos-
pheric pressure [Gesi 1976(J^  80] . They are denoted as phases I, 
II, III, IV, V and VI in order of descending temperatures. 
Corresponding transition temperatures are 413, 265, 141, 133 
and 46 K respectively. The phase I is defined as the phase 
above 413 K and the phase VI as the one below 46 K. The phase VI 
is the ferroelectric phase of the crystal [Gesi 1980]. Under 
hydrostatic pressure or deuterium substitution other ferroelectric 
phases appear in the crystal [Osaka, Makita and Gesi 1980, Gesi 
1976b, 77], The transition temperatures vary with the degree of 
deuteration and with pressure. According to phase diagram given 
by Osaka, Makita and Gesi [1980] the pressure induced phase below 
liquid nitrogen temperature is the same as the phase below 46 K 
at atmospheric pressure. 
The phase I has trigonal symmetry with space group R 3m 
[Suzuki 1979]. Phase II, the room temperature phase, has mono-
clinic symmetry. Suzuki and Makita [1978] have determined the 
crystal structure at room temperature. The space group of the 
crystal is A 2/a. The crystal is biaxial in phase II and becomes 
uniaxial in phase I [Gossner 1904, Fischer 1914]. Crystal shows 
: 75 : 
ferroelasticity in phase II [Gesi 1976^. On the basis of their 
£PR results Minge and Waplak [1984] suggested that the phase 
transitions II — > III, III — > IV and IV — > V occur within the 
monoclinic symmetry. X-ray crystal structure investigations 
on the crystal have been made only for room temperature phase. 
The crystal shows antiferroelectricity in phase III [Pepinsky 
et al 1958]. This phase has an incommensurate structure 
[Suzuki et al 1976]. The transitions, phase I — > phase II, 
and phase IV — > phase V are of first order while the transitions 
phase II — > phase III and phase III — > phase IV are of second 
order. At atmospheric pressure a slight break in dielectric 
constant versus temperature curve is observed at phase II — > 
phase III and phase III — > phase IV transition temperatures. 
A discontinuous change in the dielectric constant accompanied 
with a thermal hysteresis is found at the phase IV — > phase V 
transitions [Gesi 1976a, 1980]. Besides the anomalies associated 
with the phase transitions, there is a broad peak of the dielectri 
constant along the c (aX5) direction around 245 K at atmospheric 
pressure. This peak is found to split into sharp peaks under the 
application of pressure giving rise to a ferroelectric phase 
between the temperatures corresponding to phase II — > phase III 
and phase III — > phase IV transitions [Gesi 1977]. With 
increasing pressure another ferroelectric phase stablizes at 
low temperature. Deuteration is also known to produce above 
mentioned ferroelectric phases [Osaka, Makita and Gesi 1977, 
Gesi et al 1978]. There is a marked similarity between the 
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effects of the application of pressure and deuterium sub-
stitution as regards the stability of the ferroelectric phases. 
Both the deuterium substitution and the application of pressure 
enhance the ferroelectricity. 
Earlier work on TAHS consists of following studies. 
Dielectric properties of the crystal have been studied in the 
temperature range 10-300 K by Gesi [1976a, 80]. Effect of 
pressure on phase transitions has been studied by Gesi [1977] 
and that of deuterium substitution by Osaka, Makita and Gesi 
[1977, 80]. Syamaprasad and Vallabhan [1981] have carried out 
the dc conductivity measurements in the temperature range 440 
to 100 K and confirmed the transitions at 413 K which was first 
found by Gossner [1904], They have studied the effect of 
impurity on conductivity of the crystal by doping divalent 
cations. Reddy, Sathyanarayan and Sastry [1982] have carried 
out dc electrical conductivity, differential thermal analysis 
and coulometric studies on TAHS above room temperature. It 
has been found from these measurements that the charge carriers 
are protons in the crystal. Specific heat was measured by 
Suzuki et al [1978] in the temperature range 90 to 440 K. The 
transition entropies were estimated for all the transitions 
above liquid nitrogen temperature. Suzuki [1979] has measured 
the linear thermal expansion of TAHS by x-ray diffractometer 
and by dilatometer in the temperature range 100 to 450 K. The 
crystal shows a large anisotropy in the linear thermal expansion 
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coefficient measured along the pseudo-orthorhombic axis (C ). 
Walton and Reynhardt [1975] have studied the motion of NH^ ions 
in the crystal by NMR. The phase transition study in the 
crystal by Electron paramagnetic resonance (EPR) has been made 
by Fujimato and Sinha [1983], Babu et al [1985] and Minge and 
Waplak [1984]. Acharya and Narayanan [1973] have studied the 
infrared spectra of powdered sample in three phases. Damak et al 
[1985] have studied the effect of hydrogen bonding on the stru-
ctural disorder associated with phase transitions in the crystal 
with help of vibrational spectra of polycrystcilline material at 
300 and 100 K. 
Several features of phase transitions in the crystal 
still remain to be understood. The most noteworthy effect is 
witnessed in the dielectric constant measurements [Gesi 1980, 
Kulshreshtha 1984]. The dielectric constant observes a break 
around 141 K followed by a discontinuous jump around 133 K. 
TAHS belongs to ammonium sulphate family of improper 
+ 2-ferroelectries. The dynamics of NH. and SO. ions play an 
important role in the phase transitions. Role of these molecular 
vibrations can be studied with help of vibrational spectra of 
single crystals. Also the study of optical constants in diff-
erent phases of the crystal may be helpful in understanding the 
abnormal behaviour of dielectric constant mentioned above. 
In view of all these facta^j^^i^^^^l^^IS^JJHidy of vibrational 
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and reflectivity spectra of the crystal in its phases has 
been made to investigate into the structural phase changes 
associated with phase transitions. The FIR reflectivity in 
random orientation and polarised Raman spectra of single 
crystals have been measured in the temperature range 10-300 K. 
Optical constants and the frequencies of optical phonons have 
been evaluated from the classical oscillator fit to the ref-
lectance data. The infrared absorption in FIR and NIR regions 
have been recorded at room temperature for powdered samples. 
3.2 CRYSTAL STRUCTURE AND GROUP THEORETICAL ANALYSIS 
TAHS crystallizes in a monoclinic structure at room 
temperature having four molecules per unit cell. Space group 
of the crystal in this phase is A 2/a i'^2h^' ^^® unit cell 
O 0 0 
parameters are a = 10.153 A, b = 5.854 A,0=15.^10 A and ^ =101.76 
2— [Suzuki and Makita 1978]. Neighbouring SO." ions are linked 
together by a hydrogen bond, 0 - H ... 0 forming (SO^HSO.) 
dimer. The sulphate ion forms a slightly distorted tetrahedron 
with three S-O(i) (i = 1,3,4) bonds of same length and one 
S-0(2) bond of different length. The NH^ tetrahedra are rather 
regular and linked to SO. ions by hydrogen bonds. There are 
two inequivalent sets of NH. ions. Four NH. (I) ions are at 
special positions, two on each of the two 2-fold axes and eight 
NH. (II) ions occupy general positions. The structure of the 
crystal projected along b-axis is shown in figure 3.1. 
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The C2h factor group has four symmetry species A , B , 
A and B . The vibrations belonging to species A and B 
show Raman activity whereas those belonging to A^ and B^ 
symmetry are infrared active only. The vibrations of A 
symmetry are allowed in XX, YY, ZZ and XZ polarisation 
geometries of the crystal and those of B symmetry are 
allowed only in XY and YZ polarisation geometries. The 
infrared active modes of A symmetry appear when electric 
vector of the incident radiation is made parallel to y-axis 
whereas those of B symmetry are expected to appear when 
electric vector is made parallel to either z-axis or x-axis. 
The normal modes of the crystal are classified using 
correlation method after Fateley et al [1972]. For correlation 
method site symmetry of each equivalent set of atoms or ions 
should be known. In the crystal there are in all four equi-
valent sets of atoms/ions. They are four NH^ (I) ions, eight 
+ 2— 
NH4 (II) ions, eight SO4" ions and the four H atoms. The 
possible site symmetries for space group C2i^  are C,(8), 
02(4), 4 C^(4) .MHl^ (l)ions are situated on two fold axes, 
therefore site symmetry for these ions will be C2. Four H 
atoms will be accomodated on site C^  because the only site 
other than C2, having a multiplicity four is C . To accomo-
date eight ions at one site there is only C, site. Since 
there will be an infinite number of C, sites available, 
+ 2— 
NH^ (II) and SO^" ions will be accomodated at C, sites.. 
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The s i t e symmetry of the d i f f e r e n t e q u i v a l e n t s e t s of ions 
w i l l t h e r e f o r e , be as fo l lows : 
NH4 ( I ) - 02(4) 
NH4 ( I I ) - C^(8) 
SO4" - C^(8) 
H - C^(4) 
The total number of modes obtained from the site 
symmetry approach is 312. This includes 3 acoustic modes. 
These 312 modes are divided into internal and external modes 
+ 2-
of different NH. and SO. groups and H atoms. These phonon 
modes correspond to 108 internal modes of NH., 72 internal 
2-
modes of SO^ ions and 132 external modes of the crystal. The 
external lattice modes include 60 libratory modes and 72 trans-
latory modes. 
The correlation between different symmetry species of 
free state point group, site symmetry point group of the atoms 
and molecular groups in the crystal and the crystal space group 
is given in table 3.1. Using these correlations the symmetry 
species, the number of phonon modes arising from a definite 
mode of free state ammonium and sulphate ions along with the 
libratory and translatory modes, and the translatory modes of 
H atom for room temperature phase have been given in table 3.2, 
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Table 3.1 Site group-factor group correlation for the vibrations 
of tetrahedral NH^ and $04" ions in inu^)^U{S0^)2 crystal 
Phase 
and 
Phase 
Phase 
Phase 
II 
III 
IV 
VI 
Free state 
Td 
2?l(Ai) 
7)2(E) 
translations (F2) 
librations (F,) 
Id 
Vi'^i) 
translations (F2) 
librations (F,) 
Id 
l)l(Ai) 
i^atE) 
y\,'^4<^2'> 
translations (F2) 
librations (F,) 
Site group 
^1 
A 
2A 
3A 
3A 
3A 
Is 
A' 
A'+A'' 
2A'+A" 
2A'+A'' 
A'+2A'' 
fl 
A 
2A 
3A 
3A 
3A 
Crvystal factor group 
^2h 
(^^Bg+A^+B^) 
2(V"g^^^'u) 
3(Ag+Bg-fA^+B^) 
3(Ag+Bg+A^4-B^) 
3(A +B +A +B .) 
^ g g u u 
£2h 
^ ^ ^ 
2(V^^^^V^^ 
^V^^ '^^ W 
£s 
A'+A" 
2(A'+A") 
3(A'+A") 
3(A'+A") 
3(A'+A' ') 
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Table 3.2 has been divided into three sections. 
Section I and II present the classification of phonon modes 
into internal modes of NHt and SO^" ions respectively. 
Section III presents the classification of external lattice 
modes in terms of 60 libratory and 72 translatory modes. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Reflectivity Spectra 
The FIR reflectivity spectra of TAHS have been recorded 
in the temperature range 300-10 K, covering its phases below 
room temperature in the frequency region 100-700 cm" . Res-
pective recordings have been made at 300, 220, 135, 100 and 10 K 
The theoretical fit to the reflectivity spectra has been obtaine< 
using classical oscillator relation (equation (30)) as des-
cribed in section 1.4^3. The reflectance spectra and classical 
oscillator fit for all the temperatures mentioned above are 
shown in figure 3.2. The spectra show three reststrahlen bands. 
The calculated variation in various optical constants with 
frequency has also been plotted at all the temperatures. 
Maxima in the plots of a and the imaginary part of the inverse 
dielectric function (Im(l/£)) versus frequency (figure 3.3) 
occur at frequencies of TO and LO modes respectively corres-
ponding to three reststrahlen bands. Variation in g' and £ " 
is plotted in figure 3.4 and the figure 3.5 shows variation of 
refractive index n and extinction coefficient k. Variation 
: 8<l-
Table 3.2 Classification of Phonons in (NH^)^?!!50^)2 crystal. 
(Phase II) (Site symmetry Approach) 
Modes 
1 
Species under C21. 
^ «a \ \ 
2 3 4 5 
N^ 
6 
I. Internal modes of 
NH^d): Site C2 
^3(^2) 
V4(F2) 
2 
4 
2 
2 
0 
0 
4 
4 
2 
4 
2 
2 
Total in te rna l modes of NHJ(I) lo" 
In te rna l modes of 
8 10 
.+/ NH4(III): Site C, 
T^iCAj,) 
^3(^2) 
2 
4 
6 
2 
4 
6 
2 
4 
6 
0 
0 
4 
4 
8 
2 
4 
6 
4 
8 
12 
12 
"3^ 
8 
16 
24 
'^ 4(F2) 6 
Total internal modes of NH4(II)18 
Total internal modes of NH. 28 
6 
18 
26 
6 
18 
28 
6 
18 
26 
24 
72 
108 
II. Internal modes of 
SO4": Site C^ 
2 
4 
6 
6 
2 
4 
6 
6 
2 
4 
6 
6 
2 
4 
6 
6 
8 
16 
24 
24 
Total internal modes of SO ^ 18 18 18 18 72 
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Table 3.2 Contd.,.. 
1 
III. External modes 
(a) Libratory modes of 
NH4(I): Site C2 2 4 2 4 12 
(b) Libratory modes of 
NH4(II): Site C^ 6 6 6 6 24 
SO?": Site C, 6 6 6 6 24 
(c) Libratory modes of 
)^i ^
(d) Translatory modes of 
NH^d ) : Site Z^ 2 £, 1 ^ Yl 
(e) Translatory modes of 
NH4(II): Site C^ 6 6 6 6 24 
(f) Translatory modes of 
SO^": Site C^ 6 6 6 6 24 
(g) Translatory modes of 
H"^ : Si te C^  0 0 6 6 12 
Total external modes 28 32 34 ^8 132 
Grand Total 74 76 80 82 TTT 
a Total phonon modes or ig ina t ing from a pa r t i cu l a r mode of 
v i b r a t i o n . 
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Fig. 3.2 Reflectivity spectra of TAHS in the temperature range 
300-10 K { t , Experimental data, , classical 
oscillator fit. 
87 
o 
>-
> 
z 
o 
o 
100 200 300 iOO 500 600 TOO 
WAVENLIMBERS(cm"^) 
Fig. 3.3 Conductivity and imaginary part of inverse dielectric 
function vs frequency for TAHS in the temperature 
range 300-10 K. 
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Fig. 3.4 Real ( £ ' ) and Imaginary ( f ' ) part of dielectric function 
vs frequency for TAIIS In the temperature range 300-10 K. 
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Fig. 3.5 Refractive Index and extinction coefficient vs frequency 
for TAIIS in tiie temperature range 300-10 K. 
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in dielectric constant gCw) with frequency is sho\wn in 
figure 3.6. 
Number of infrared active modes expected to appear in 
the spectra is much greater than the observed number of modes, 
The reason for observing less number of modes than expected 
from group theory may be given as follows. There will be 
89 (43 A + 46 B ) infrared active modes expected from group 
theory below 700 cm""'". Some of the modes lie below 100 cm , 
the range which is not covered by our measurements. In the 
low frequency region frequencies of different modes are close 
to each other and in the presence of strong strahlen bands it 
becomes difficult to resolve them due to the low resolution 
of the order of 10 or 20 cm" , near the dispersion frequencies. 
+ 2-
Also the external libratory modes of NH^ and SO^ ions are not 
allowed in the infrared under T • symmetry and may show only 
weak activity when site group approximation is taken into 
account. Therefore, we may expect that these libratory modes 
may not appear in the spectra reducing the number of bands 
observed in the spectra. Further, in a random orientation 
all the modes of A^ and B symmetry would not appear 
because of being polarisation dependent. 
The parameters obtained from the classical oscillator 
fit are given in table 3.3. The value of dielectric constant 
is found to be maximum at 220 K, the temperature which lies 
in the antiferroelectric phase of the crystal. The experimen-
tally measured variation in dielectric constant with temperature. 
WAVENUMBERS (cnT'; 
700 
Fig. 3.6 _ Dielectric constant vs frequency for TAM. .„ .u 
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TABLE 1. C l a s s i c a l o s c i l l a t o r parameters (cm" ) fo r 
(NH.)^H(S0.)2 in the tempera ture range 300 K — 10 K, 
TEf.^^ERATURE 
"*i 
\ 
s. 
300 K 
188 
275 
245 
220 K 
195 
284 
260 
135 K 
196 
281 
245 
100 K 
210 
290 
255 
10 K 
218 
293 
250 
15.6 12.0 12.0 19.6 19.7 
u) 400 402 404 412 414 
'2 
w. 422 429 426 440 443 
S, 
•^t 
^3 
3^ 
^3 
^3 
135 145 140 155 160 
32.0 32 .0 30.0 27 .5 30.0 
cons t an t£ (0 ) 
563 
604 
205 
39.0 
c 3.07 
567 
613 
210 
36.5 
3.16 
569 
606 
185 
34.0 
2.90 
570 
619 
210 
37.0 
2.87 
574 
623 
220 
43.4 
2.73 
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shown in figure 3.7, also gives maximum value of dielectric 
constant in the antiferroelectric phase of the crystal. 
[Gesi 1980, Kulshreshtha 1984], The calculated variation in 
dielectric constant with temperature qualitatively agrees with 
that observed experimentally. The quantitative agreement, 
however, in the two cases is not possible owing to the fact 
that dependence of dielectric constant on frequency for various 
regions of electromagnetic spectrum is different. Since the 
estimated values of dielectric constant are in the FIR region 
and the experimental values are for microwave region we can 
not expect quantitative agreement between the two. 
Behaviour of optical phonon frequencies is found to be 
affected with temperature and the structural phase transitions. 
The table 3.3 shows that the TO mode frequencies increase with 
decreasing temperature. However, the frequency shift of the LO 
modes changes its trend on cooling to 135 K. Frequencies of 
all the LO modes increase as the crystal is cooled from 300 to 
220 K, and then decrease on lowering the temperature further 
to 135 K. On cooling below 135 K the frequencies start increa-
sing again. 
In this connection it is recalled that the experimentally 
measured variation in dielectric constant of the crystal with 
temperature shows an abnormal behaviour in the temperature 
range for which reversal of trend in shift of LO mode frequ-
encies is observed. The experimentally measured temperature 
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Fig. 3.7 Temperature variation of dielectric constant of 
TAIIS ut I KC/S. 
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variation in dielectric constant for the crystal (figure 3.7) 
[Kulshreshtha 1984] shows that its value decreases very fast 
as the phase IV is approached from higher temperature followed 
by a discontinuous jump around 135 K and then starts increasing 
as the crystal is cooled through 100 K in the temperature range 
from 141 to 80 K. With regard to the behaviour of LO modes it 
is generally found that the frequency of these modes in ionic 
crystals is almost unaffected by temperature [Martin 1965]. But 
in the light of LST relation any change in the dielectric constant 
must be associated with a change in optical mode frequencies. 
Therefore, the unusual behaviour of LO modes in the temperature 
range 220-135 K may, perhaps be analysed on the basis of the 
observed fast rate of decrease of dielectric constant in this 
temperature range. On cooling the crystal from 300 to 220 K 
the frequency of all the TO and LO modes increases. The wp 
-1 ^ -1 
observes an increase of 9 cm relative to an increase of 7 cm 
in 0). . However, there is a comparatively large increase of 
1 
-1 -1 7 and 9 cm in w. and Wp vis-a-vis of 2 and 4 cm in w, 
2^ ^ ^2 
and 0). respectively. This larger increase in LO mode frequ-
^3 
encies should give r i s e to a r e l a t i v e l y higher d i e l e c t r i c constant 
a t 220 K as i s witnessed in temperature va r i a t ion measurements of 
d i e l e c t r i c constant [Kulshreshtha 1984]. On lowering the tempe-
ra tu re from 220 to 135 K the increase in w. , w. and o). i s 
^1 ^2 ^3 
found to be 1,2 and 2 cni~ r e spec t ive ly . The ra te of decrease of 
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dielectric constant is very fast between 141 and 135 K as 
compared to the rate between 220 and 141 K. Obviously, this 
small increase in TO mode frequency alone cannot lead to such 
a fast rate of decrease of dielectric constant as observed. 
However, if the decrease in LO mode frequencies with the 
decreasing temperature is also taken into account, the observed 
behaviour of dielectric constant may be justified. An increase 
in TO mode frequency and decrease in LO mode frequency together 
will increase the rate of decrease of dielectric constant as 
observed experimentally. The decrease in frequency is as 
large as 7 cm" for an LO mode compared to the maximum increase 
of 2 cm" for TO modes. 
The observations lead to the inference that LO modes 
play an important role in the transition from phase III to 
phase IV. 
Further, the behaviour of damping constant with tempe-
rature as shown in table 3.3 seems to be quite reasonable. The 
change in damping constant is closely associated with the 
anharmonicity of the crystal. The crystal appears to bear 
most anharmonic character in the ferroelectric phase where 
the value of damping constant is maximum for the lattice mode 
and the asymmetric bending mode. However, the symmetric bending 
is relatively less affected. 
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3.3.2 Vibrational spectrum 
Raman spectra of single crystals of TAHS have been 
recorded at temperatures 300, 220, 137, 100 and 10 K for 
phase II to VI respectively in different polarisation geome-
tries. The laboratory orthogonal system of coordinates XYZ 
is related to the crystallographic axes a,b of monoclinic 
symmetry of the crystal as follows: X//a, Y//b, Z//axb, The 
absorption spectra of microcrystall^iue samples in FIR and 
NIR regions have been recorded at room temperature to facilitate 
the identification of normal modes of vibration of the crystal. 
However, the assignment of observed bands has been discussed 
in terms of their frequencies in the Raman spectrum and bands 
observed in infrared spectra are mentioned wherever found 
necessary. 
3.3.2.1 Vibrational assignment at room temperature 
Raman spectra of TAHS single crystal at room temperature 
for six polarisation geometries have been shown in figure 3.8. 
The infrared spectra in the NIR and FIR regions are shown in 
figures 3.9 and 3.10 respectively. The observed band position 
are presented in table 3.4. The assignment of vibrational modes 
of TAHS crystal has been made by a comparison with those of 
previous workers [Damak et al 1985, Acharya and Narayanan 1973]. 
Assignment of a few of the bands, not in agreement with that of 
the previous workers, has been discussed in detail in following 
section. The vibrational modes of the crystal are identified as 
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TABLE 3.4 Raman f r equenc ie s in d i f f e r e n t p o l a r i s a t i o n and 
i n f r a r e d f r equenc ies a t room tempera ture (300 K) 
fo r (NH4)OHC504)2 and t h e i r ass ignment . 
Z(XX)Y 
1 
66 w 
78 m 
122 w 
-
186 m 
-
-
-
255 vw 
270 vw 
406 vw 
442 s 
470 w 
576 vw 
585 w 
607 s 
621 s 
-
897 vw 
969 vs 
1026 vw 
1078 vs 
Raman f re 
Z(YY) 
2 
72 
87 I 
-
-
186 
-
-
244 
265 
-
404 
443 
464 
576 
584 
607 
621 
-
895 
970 
1028 
1078 
^ 
quencies 
X X(ZZ)Y 
3 
w 66 
Ti 92 
122 
-
m 178 
-
-
vw 238 
vw 268 
280 
vw 405 
s 442 
m 470 
vw 576 
w 601 
s 
s 620 
-
vw 895 
vs 967 
vwl034 
s 1078 
w 
m 
w 
ra 
vw 
vw 
vw 
vw 
s 
m 
vw 
m 
s 
vw 
vs 
vw 
w 
Z(XZ 
4 
62 
87 
136 
160 
182 
-
-
245 
265 
280 
407 
442 
467 
568 
586 
606 
620 
626 
897 
969 
1030 
1078 
(cm-i) 
)Y 
w 
w 
vw 
vw 
w 
vw 
vw 
vw 
vw 
s 
w 
vw 
vw 
sh 
m 
sh 
vw 
s 
vw 
m 
^ 
ZCYX)Y 
5 
69 w 
88 m 
134 w 
160 vw 
197 m 
-
-
238 vw 
270 vw 
-
406 vw 
442 s 
474 w 
560 vw 
-
~ 
620 m 
626 sh 
897 vw 
969 s 
1030 vw 
1078 w 
3 
Z(YZ)Y 
6 
71 w 
88 m 
130 w 
-
195 m 
-
-
238 vw 
264 vw 
-
407 vw 
443 s 
465 w 
560 vw 
-
-
620 m 
626 w 
897 vw 
968 s 
1030 vw 
1078 m 
I n f r a r e d 
f requencie 
(cm~ ) 
7 
€7 w 
80 W 
100 w 
109 w 
118 w 
168 w 
195 m,b 
210 w 
222 w 
230 w 
253 w ' 
275 w 
409 s 
447 m 
-
574 w 
597 s 
610 sh 
620 w 
.^~ 
870 m 
960 w 
1020 w 
_ 
Assignment 
8 
L^ 
t" 
iN 
1^ 
^^t 
YOH 
V^(so^-) 
^^3 
2^(HS0:) 
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1130 
1155 
1178 
1186 
1212 
1228 
1396 
1436 
14^9 
1623 
1680 
2930 
— 
2985 
3066 
3145 
3170 
-
3290 
3306 
3335 
ji-«i^ 
w 
sh 
vw 
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
sh 
m,b 
m 
vw 
vw 
vw 
Abbrevis 
s^ 0 ~T V 
1127 
-
1169 
1180 
-
1234 
1390 
1430 
1450 
1620 
1682 
2914 
-
-
3070 
3140 
3170 
-
3282 
3310 
3335 
itions 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
1120 
1155 
1168 
1185 
-
1232 
1392 
1421 
1461 
1647 
1676 
2922 
-
2980 
3070 
m,b3155 
m 
vw 
vw 
w 
-
3225 
3284 
3301 
-
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
1126 
1148 
1169 
1186 
1220 
1239 
1385 
1410 
1460 
1625 
1691 
-
2940 
3007 
3058 
m,b3155 
vw 
vw 
vw 
used, vs -
-
3228 
3284 
3314 
3330 
very 
vw 
vw 
vw 
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
w,b 
vw 
vw 
vw 
vw 
1124 
1166 
1186 
1220 
1238 
1396 
1410 
1446 
1620 
1684 
2918 
2935 
2985 
3073 
3160 
-
3226 
-
-
-
strong, 
vw 
vw 
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
w,b 
vw 
s -
1124 
1160 
1184 
1215 
1230 
1404 
1430 
1438 
1625 
1682 
2912 
2960 
2980 
3064 
3160 
-
3230 
3296 
3304 
3332 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
w,b 
vw 
vw 
vw 
vw 
1100 
1180 
-
-
~ 
1395 
1420 
-
1620 
1680 
2898 
-
2980 
-
3060 
-
3226 
3280 
3310 
3345 
s" 
m 
w 
w 
-
w 
W -
w 
. 
w 
w 
1)^ 
•v^ 
2« 
2 
2 ^ 
4 
-i)(0-H) 
(2)'^  ^2^^) 
^1 
1 2)^. 
vw 
vw 
vw 
w 
strong, w - weak. 
J 
^ 97)1 
VW - very weak, b - broad, sh - shoulder, 
L , t and 0 stand respectively for Lattice modes 
Of SO.", lattice translatory modes of NHt ion and 
lattice libratory modes of NH. ion. 
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2~ + internal modes of SO^ and NH^ ions and lattice modes. Super-
scripts N and S are used to distinguish the modes of NH. 
2-
and SO. . 
( i) Internal modes of SO^ ion: As discussed earlier there will 
2-be four fundamental internal modes of vibration of SO^ ion. The 
y^ (A-,) is non-degenerate totally symmetric S-0 stretch and 
^3 ^^2^ ^ ^ triply degenerate asymmetric S-0 stretch mode.^p^^) 
^'^^'2)A^2^ are the symmetric and antisymmetric 0-S-O bending 
modes. Two strong bands observed around 969 and 1078 cm" in 
all polarisation geometries are assigned to the totally symmetric 
S-0 stretching vibrations. Appearance of two stretch bands in 
3 
the spectra indicates an asymmetric hydrogen bond between (SO.HSOj 
dimer. The large separation of these two bands implies that the 
2-H atom is strongly bonded to one of the SO^ giving rise to two 
2__ _ Ther^efore, 
different S-0 stretch frequencies for SO." and HSOT ion./HSOT 
ion in the crystal is present as distinct entity. Damak et al 
[1985] have identified the lowest of the two frequency with 
2^ ,(HS0T) and that at higher frequency with X(SO."). Assignment 
of the frequencies in present work differs from the previous work. 
The two bands have comparable intensity in the XX, YY, XY, YZ 
and XY polarisation geometries whereas it is not the same for 
ZZ polarisation geometry. The band around 1078 cm" in ZZ pola-
risation is weak compared to the one around 969 cm" . In the 
2-
crystal 0 - H ... 0 bond lies along the Z-axis and one of the SO^ 
strongly bonded to the H atom may behave as an SO^OH" molecule. 
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Being in the direction of z-axis its totally symmetric vibration 
shows polarisation dependence along the axis and does not appear 
as a strong band in the ZZ-direction. The band observed around 
1078 cm" shows this behaviour and therefore, is assigned to 
-^ j^ CHSOp whereas the band at 969 cm""-"- is identified with ^ ^(304") 
S 2— 
which is in consistency with the assignment of "^ ASO. ) in other 
sulphates [Kreske andDevarajan 1982], 
The presence of HSOT ion in the crystal requires the 
assignment of internal modes of HSOT ion also. There will be 
twelve internal modes of vibration of HSOT ion. The HSOT ion 
2-
may be treated as a distorted tetrahedral 30. ion. Nine of the 
twelve modes can be correlated with the one}}. (A,), two I^^^E) , 
three "2^ 2(^ 2^  ^'^^ three'2^ .(F2) modes of undistorted tetrahedral 
2-
SO4 ion. The three remaining band-^  due to the HSO^ ion involve 
the motion of hydrogen atom and are ^(o-H-^ jO-H stretch; S(OH), OH 
bending and Y(OH) ,(>feorsion. The .§(.0H) bending lie in the 
3-0 stretching region and therefore, its assignment is difficult 
and, therefore, has not been made. Weak bands around 2980 cm" 
are assigned to •^ /^ (O-H) stretch mode after comparing the spectra 
with that of NH^HSO^. The assignment of OH"" torsion will be 
discussed later. 
The frequencies of the components of'p2 "^"^  1^1 ^° ^^ 
of HSOT ion are expected in the frequency region of corresponding 
modes of 30^ ion and have frequencies lower than that of 
30?"*. Components of •2^ 3 of H3O4 can not be identified un-
2-
ambiguously from that of the SO4 because the frequencies 
for both the ions are mixed in the region 1020-1250 cm . 
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For convenience and clarity the ^ o ' ^  '^^'^  "^4 "^ o^ s^ of 
2-HSO. ion have been identified with the modes of SO . only 
and distinct assignment has not been made for these modes of 
HSO4 ion. 
Weak bands in the 1020-1250 cm"" are assigned to Vr. 
A strong band at 445 cm~ along with other bands around 406, 
460 and 475 cm" are assigned to symmetric bending mode,7^2. 
Infrared spectrum shows the corresponding bands at 409, 447 and 
1 C 
478 cm" . The asymmetric bending vibrations, >^^ are observed 
as strong bands around 606 and 620 cm~ and weak bands around 
574, 595 and 630 cm" . A strong band at 597 cm" with a shoulder 
at 610 and a weak band at 620 cm" are observed in the infrared 
spectrum. 
The vibrational band observed at 897 cm" in the Raman 
spectra can not be assigned unambiguously and therefore, deserves 
a proper discussion here. In the infrared spectra of TAHS 
recorded by Acharya and Narayanan [1973] the band observed at 
870 cm" is assigned to X (HSOT) as in other monohydrogen 
sulphates. In the Raman spectra recorded by Damak et al [1985] 
no band around this frequency has been observed. The y^, mode 
is well known to appear as a strongly polarised band in the 
Raman spectrum. On the other hand, the measurements confirm 
that the band appearing at 897 cm" in the spectrum does not 
posses this property. A review of recent Raman spectra of 
: 105 : 
some hydrogen bonded crystals show the presence of a similar 
band in the frequency region under consideration. It is observed 
at 880 cm*""'" in CS2 ^2 ^°4 [M^ irchon and , NOV^BK : 1985] and has been 
assigned to the out of plane (P) OH bending mode (yOH) of (P) OH 
group. In view of these facts the band at 897 cm" is identified 
as the out of plane (S) OH bending mode (yOH) of the (S) OH group. 
A strong band in the infrared spectra is observed at 870 cm" 
corresponding to this mode. 
(ii) Internal modes of NH^: The four internal modes of NH^ ions 
are the following. 1)AA-,) is the totally symmetric N-H stretch 
mode. 7) 2(E) is symmetric bending mode and 1^0(^2^ "^^ ^ ^ 4(^2^ 
are asymmetric stretching and bending modes respectively. In 
the Raman and infrared spectra a strong broad band is observed 
with a few components in the N-H stretching region. The peak 
frequency of 3145 cm~ in XX polarisation geometry in Raman 
spectra is assigned unambiguously to the 1), mode. The infrared 
spectrum shows the peak around 3080 cm" . The frequencies around 
3170 cm" in the infrared and Raman spectra are identified with 
2^ 2 mode. The bands around 1620 and 1671 cm" are assigned to 
symmetric bending, i^ 2'^ '^ ®^ ®^ s those around 1396, 1420 and 
1480 cm" are assigned to the components of l^^. Bands observed 
around 2920, 3070 and 3300 cm" are assigned to the two-phonon 
modes 2V^,-})^ + V^ and 2 ^ ^ respectively. 
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The broad nature of the N-H stretching band indicates 
that there is a considerable disorder concerning the orienta-
tional motion of NH- ions. The nature of the band observed also 
confirms that NH. ions are behaving like the perfect tetrahedral 
ions in the crystal and are in ordered state. A strong hydrogen 
bonding in the NH. ion is also suggested due to the reason that 
in the case of strong hydrogen bonds the hydrogen stretching 
bands are not single bands but groups of bands coalescing into 
a broad hydrogen stretching band. 
(iii) Lattice modes: A detailed assignment of the low frequency 
peaks in the spectra is not possible but some general assignments 
can be made on the basis of the frequencies observed for the 
compounds containing either SO^" or NH^ ions [Torrie et al 
1972, Gupta 1984]. In order to assign the external modes of 
NH^ and SO^" ions it is to be noted that the translatory and 
libratory modes of NH^ ion can reasonably be expected to have 
higher frequencies than the corresponding ones of sulphate ion. 
In general, the lowest frequency peaks below 160 cm~ are 
attributed to motions of the SO^ ions, the next lowest frequency 
peaks (160 to 250 cm" ) to translations of NH^ ion and peaks in 
the range 250-400 cm" to librational motions of the NHt ions. 
3.3.2.2 Vibrational spectra at low temperatures 
The Raman spectra of the crystal in the phases below 
room temperature phase have been shown in four polarisation 
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geometries, XX, XZ, XY and YZ. The spectra in YY and ZZ 
polarisation geometries is not needed, as no extra information 
is obtained regarding the changes associated with phase transi-
tions in the crystal. Salient features of the spectra in 
different phases are discussed with special reference to the 
changes in symmetry of the crystal due to the transitions and 
ordering of ions in the crystal. 
(i) Phase III (220 K): Raman spectra of the crystal in four 
polarisation geometries, XX, YX, XZ and YZ at 220 K are shown 
in figure 3.11. The spectra do not show any significant change 
as compared to the room temperature phase. Change in relative 
intensities of bands in different polarisation geometries has 
been observed. The observed band position along with their 
assignment are shown in table 3.5. The peak frequency of the 
N-H stretch band shifts toward lower frequency side as compared 
to its value at room temperature. Assignment of the bands is 
same as for the phase II, 
(ii) Phase IV (137 K): The Raman spectra of the crystals 
at 137 K, in phase IV are shown in figure 3.12. The observed 
band positions along vvith the assignment are shown in table 3.5. 
Spectra in this phase show changes associated with structural 
phase transitions. The totally symmetric S-0 and N-H stretch 
modes, V^ and V •, disappear in XY and YZ polarisation 
geometries. Bands in addition to those observed at room temp-
erature are also seen. A band at 208 cm" in low frequency 
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TABLE 3.5 Raman frequencies (in cm" ) at 220 and 137 K 
in four polarisation geometries for (NH4)2H(S0.)2 
z(xx) 
1 
68 
-
-
122 
-
190 
-
-
232 
-
260 
407 
-
440 
474 
576 
-
596 
607 
620 
635 
892 
-
-
*q 
Y 
vw 
w 
m 
vw 
vw 
vw 
m 
vw 
vw 
vw 
m 
m 
w 
vw 
220 K (ph 
Z(XZ) 
2 
70 
-
-
-
Y 
vw 
160m,b 
190 
-
-
242 
-
285 
404 
-
440 
475 
575 
~ 
-
605 
-
630 
885 
-
-
sh 
vw 
vw 
vw 
m 
vw 
vw 
m 
vw 
vw 
ase III) 
ZCYX) 
3 
80 
-
-
125 
160 
194 
-
-
240 
-
278 
407 
430 
446 
474 
587 
-
-
610 
620 
635 
^ 
Y 
vw 
vw 
sh 
m 
vw 
vw 
vw 
sh 
m 
vw 
vw 
m 
sh 
vw 
895vw 
-
-
^(YZ) 
4 
82 
-
-
124 
-
Y 
vw 
vw 
200m,b 
-
-
235 
-
278 
412 
-
445 
470 
585 
-
596 
612 
626 
-
892 
-. 
-
vw 
vw 
vw 
m 
w 
w 
vw 
m 
w 
vw 
z(xx) 
5 
70 
88 
-
124 
162 
180 
208 
222 
240 
260 
278 
412 
438 
445 
471 
576 
582 
601 
-
621 
632 
887 
910 
930 
N 
Y 
w 
w 
vw 
vw 
vw 
m 
m 
vw 
vw 
vw 
sh 
m 
m 
vw 
vw 
vw 
m 
m 
vw 
vw 
vw 
vw 
137 
z(xz) 
6 
-
84 
110 
134 
-
180 
210 
-
235 
270 
282 
410 
442 
-
470 
574 
585 
592 
610 
625 
-
889 
910 
-
K (phase IV) 
Y 
vw 
m 
vw 
vw 
w 
vw 
vw 
vw 
w 
sh 
w 
vw 
vw 
vw 
m 
w 
vw 
w 
Z(YX) 
7 
77 
84 
110 
-
162 
«N* 
198 
220 
250 
264 
280 
410 
431 
-
475 
574 
-
595 
610 
-
630 
889 
906 
940 
\ 
Y 
sh 
m 
m 
w 
w 
w 
vw 
vw 
vw 
w 
w 
w 
w 
w 
m 
w 
vw 
w 
vw 
z(Yz; 
8 
69 
80 
107 
148 
160 
-
-
220 
242 
-
282 
-
424 
443 
474 
574 
-
590 
610 
620 
636 
887 
910 
936 
Y 
vw 
w 
m 
w 
w 
w 
vw 
-
vw 
w 
m 
w 
vw 
w 
m 
w 
vw 
vw 
w " 
w 
Assignment 
9 
L^ 
t^  
1^ 
^l 
2 
^t 
YOH 
2^ f 
970 s 968 m 969 s 969 s 972 s 972 m 2-, 7^i(so;-) 
TABLE 3.5 Contd... 
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1030 
1080 
1107 
-
1132 
1165 
1184 
-
1220 
-
2924 
-
2985 
-
3035 
vw 
s 
w 
• 
w 
vw 
w 
vw 
vw 
vw 
w 
3130w,b 
-
3210 
3260 
-
3300 
3340 
sh 
w 
vw 
vw 
1020 
1082 
-
-
1140 
-
1190 
-
1235 
-
2910 
-
2975 
2992 
3020 
vw 
s 
vw 
w 
vw 
vw 
vw 
vw 
w 
3135w,b 
-
3240 
3265 
-
-
3335 
w 
w 
vw 
1024 
1080 
1105 
-
1125 
1160 
-
-
1220 
-
2920 
-
2982 
2995 
3020 
vw 
s 
sh 
vw 
w 
vw 
vw 
vw 
vw 
sh 
3l25w,b 
-
3196 
3265 
-
3310 
3325 
w 
w 
vw 
vw 
1025 
1080 
-
-
1135 
-
1185 
-
1224 
-
2920 
-
2980 
2995 
3020 
vw 
s 
vw 
vw 
vw 
vw 
vw 
vw 
w 
3130w,b 
-
3206 
3260 
-
3306 
3318 
w 
vw 
vw 
vw 
1027 
1082 
1098 
-
1146 
1170 
1192 
1206 
1220 
1232 
2920 
2927 
2962 
2998 
vw 
s 
sh 
sh 
vw 
vw 
vw 
w 
vw 
vw 
vw 
vw 
w 
3030 w 
3045 w,b 
3060m, b 
3096 
3163 
3213 
3266 
3285 
3312 
vw 
vw 
vw 
vw 
vw 
vw 
1025 
1080 
1110 
1122 
1152 
1166 
1186 
-
1221 
1232 
2925 
-
2958 
2992 
3016 
3040 
vw 
m 
sh 
w 
vw 
vw 
w 
vw 
vw 
vw 
vw 
w 
vw 
vw 
3050ra,b 
3090 
3147 
3204 
3260 
-
3214 
vw 
vw 
vw 
vw 
vw 
1036 
-
1092 
1128 
-
1159 
1176 
1209 
1220 
1238 
2924 
-
2969 
2995 
•Ml 
3040 
-
3085 
3150 
3209 
3262 
3289 
3317 
w 
w 
w 
vw 
w 
vw 
vw 
vw 
vw 
vw 
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
1028 
-
1095 
1125 
-
1172 
1180 
1210 
1222 
1235 
-
2932 
2978 
3004 
X 2 0 
3042 
-
3102 
3135 
3200 
3265 
3280 
3318 
w 
_ ^ 
2^?(HS0p 
w"7 
w 
vw 
vw 
vw 
vw 
w ^ 
n 
— •• 
vw^  
vw" 
2il 
V'(O-H) 
^ - . 
vw 
VWJ 
Vl^V<l 
^ ^ 
vw 
vw 
vw 
vw. 
vw 
vw 
^ v^ 
• 2 2 ^ 
Abbreviations used, s - strong, m 
b - broad, sh 
medium, w - weak, vw - very weak, 
shoulder, L uN and 
2-
,N stand 
respectively for lattice modes of SO. , lattice 
translatory modes of NH^ and lattice libratory 
modes of NH*. 
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region is assigned to lattice translation of NHJ . In the 
frequency region of V^ mode a band at 438 cm"-*- appears 
having medium intensity. Weak bands rround 910 and 930 cm"''-
are assigned to two -phonon modes, ^i^ , A few additional 
components appear in the V3 region and 2^ region and are 
assigned accordingly. A shift of peak frequency of N-H stretch 
band to lov^ er frequency, as its value in high temperature phase, 
is observed. 
The disappearance of ^ and x^j modes in the XY 
and YZ polarisation geometries is -interpreted in terms of 
change of symmetry as follows. 
At room temperature crystal possesses monoclinic 
2- + 
symmetry and SO. and NH. groups are situated on general 
positions (C, sites). Under the C, site group symmetry 
of monoclinic group all the four internal modes 2>^, , ^ 2*^3 
and "}}. of the tetrahedral groups are active in all the 
polarisation geometries. Vanishing of the 2^, modes indicates 
a change in the symmetry of the crystal. But, on the basis 
of their EPR measurements, Fujimato and Sinha [1983] suggested 
that all the transitions between phase II and phase V occur 
within the monoclinic (2/m) symmetry which means that in the 
phase IV crystal possesses monoclinic symmetry. Only a change 
of space group may take place in the transition. Under 1he 
monoclinic symmetry, vanishing of :i)^ modes implies a change 
in the site symmetry of these tetrahedral groups due to 
: 113 : 
orientational motions of the groups. Taking C as the site 
+ 2-
symmetry of the NH. and SO. ions instead of C, under the 
monoclinic symmetry of the crystal the '}2 mode is expected to 
appear only in XX, YY, ZZ and XZ polarisations. This is in 
agreement with the observations and shows that the site symmetry 
of the ions has changed to C from C, in this phase. 
Further, increase in site symmetry of ions implies a 
decrease in deformations due to the reorientation of the molecular 
groups in the crystal. This decrease in deformations should 
produce a decrease in the polarisation in this phase. A decrease 
in polarisation of the crystal is suggested by Babu et al [1985] 
on the basis of the analysis of EPR measurements which favours 
the explanation given above. 
(iii) Phase V (100 K): The Raman spectra in four polarisation 
geometries are shown in figure 3,13. Frequencies of the observed 
bands along with the assignment are shown in table 3.6. 
Compared to the spectra in phase IV, the spectra in 
phase V show change in the aforementioned "2^ , modes. These 
modes appear again in all the four polarisation geometries. This 
indicates that again a reorientation of molecular groups in the 
crystal takes place as the crystal changes its phase from phase IV 
to phase V. The appearance of the modes in all the polarisation 
geometry indicates that the site symmetry of molecular groups 
reduces to C, in this phase from C in phase IV. The site 
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symmetry effects give rise to some additional bands in the 
spectra. The frequency corresponding to the peak of N-H stretch 
band decreases to 3045 cm" as compared to its value in phase IV 
and other high temperature phases. 
(iv) Phase VI (10 K): The Raman spectra in XX, XZ, YZ and XY 
polarisation geometries are shown in figure 3.14. The observed 
band positions along with the assignment are given in table 3.6. 
The spectra in this phase show a significant increase in 
number of vibrational modes. Splitting of external and internal 
modes, except that of the totally symmetric stretch modes occurs 
in the spectra. The N-H stretch band splits into many components 
assigned to 2)3 ^^^ two-phonon modes. The 0-H stretch mode 
around 2980 cm" is also found to split. 
The phase VI is the ferroelectric phase of the crystal. 
In the ferroelectric phase an ordering of anions and cations takes 
place lowering the symmetry of the crystal and the crystallographic 
centre of inversion is lost. Osaka, Makita and Gesi [1980] have 
suggested that point group of the crystal in the ferroelectric 
phase could be either C or C,. Under such a symmetry group 
all the internal and external modes become Raman active leading 
to an increased number of bands in the spectrum. Therefore, the 
origin of band splittings and appearance of additional bands 
observed may lie in the lowering of symmetry and the failure of 
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TABLE 3.6 
A. 
Q Z(XX)Y 
1 
60 vw 
78 vw 
-
90 m 
-
126 vw 
-
167 w 
180 w 
-
196 m 
220 m 
232 w 
269 vw 
-
-
406 vw 
418 w 
435 m 
451 s 
464 sh 
478 w 
-
580 vw 
-
606 ra 
621 m 
-
638 vw 
Raman 
po l a r 
100 K (phase V) 
Z(XZ)Y 
2 
69 vw 
75 vw 
-
89 m 
-
110 vw 
152 vw 
-
180 w 
-
195 m 
220 w 
-
260 vw 
-
285 vw 
-
428 vw 
441 m 
454 s 
-
478 w 
-
574 vw 
592 w 
607 m 
620 m 
-
639 vw 
, . ' ^ Z(YX)Y 
3 
69 vw 
76 vw 
-
93 m 
-
116 vw 
152 vw 
-• 
185 w 
-
203 m 
221 m 
234 w 
-
272 vw 
-
-
427 w 
-
444 m 
464 w 
-
-
570 vw 
600 w 
606 m 
620 w 
-
632 vw 
f r equenc ie s 
i s a t i o n 
Z(YZ)Y 
4 
65 vw 
76 vw 
-
89 m 
-
120 vw 
155 vw 
175 vw 
186 w 
-
202 m 
-
232 w 
269 vw 
-
-
-
417 w 
439 s 
452 m 
464 w 
-
-
572 vw 
598 w 
610 m 
619 w 
-
635 vw 
geome-
Z(XX^ 
5 
69 
75 
85 
98 
103 
136 
154 
166 
180 
192 
201 
220 
234 
258 
-
285 
409 
427 
434 
453 
462 
471 
576 
584 
603 
610 
620 
626 
637 
[cm "•) a t 100 and 10 
t r i e s for (NH4)3H(S0 
10 K { 
Y 
vw 
m 
w 
w 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
m 
m 
s 
m 
w 
vw 
vw 
m 
sh 
w 
m 
w 
Z(XZ] 
6 
67 
72 
83 
99 
-
132 
152 
169 
180 
-
201 
221 
-
246 
268 
279 
410 
-
431 
451 
462 
472 
574 
586 
602 
-
620 
630 
-
pha 
Y 
vw 
vw 
m 
w 
w 
vw 
w 
w 
m 
m 
sh 
vw 
vw 
vw 
m 
m 
m 
w 
vw 
vw 
m 
m 
sh 
se VI) 
Z(YX] 
7 
63 
76 
85 
101 
116 
132 
150 
166 
180 
192 
201 
218 
238 
258 
272 
285 
410 
419 
432 
451 
462 
473 
572 
-
593 
606 
620 
630 
637 
Y 
vw 
vw 
w 
m 
w 
vw 
vw 
vw 
vw 
vw 
m 
m 
w 
w 
vw 
vw 
vw 
w 
m 
m 
m 
w 
w 
m 
m 
r 
sh 
w 
K in four 
4 ) 2 -
Z(YZ] 
8 
64 
76 
82 
99 
113 
138 
152 
170 
180 
-
200 
220 
242 
258 
272 
-
418 
-
434 
451 
462 
474 
572 
584 
594 
606 
620 
630 
-
Y 
w 
vw 
m 
m 
m 
w 
vw 
m "" 
w 
m 
m 
vw 
vw~ 
vw 
vw' 
s 
s 
m 
sh^ 
vw' 
vw 
w 
m 
m 
m 
m 
VOO J . \ ^ l l l U ^ i l U 
9 
L^ 
t^ 
i f 
^1 
V! 
^ 4 
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TABLE 3.6 Contd. 
897 w 895 w 890 w 902 w 
932 vw 935 vw 
877 vw 
903 m 
916 w 
930 sh 
969 s 970 s 970 m 970 m 
1027 vw 1022 vw 1025 vw 1028 vw 
900 
950 
970 971 s 
1003 vw 
1037 w 1025 
1050 w 1050 
m 
vw 
s 
882 vw 
898 m 
917 w 
932 w 
969 s 
899 m 
926 w 
942 
970 
vw 
s 
YOH 
2 ^ 
}^(SOf) 
w 1030 w 
w 1054 w 
1002 vw{V^ +Vl) 
1025 w 2)1 
1050 w (2?| + 1^)H1 
1080 s 1080 m 1080 m 1080 in 1082 s 1080 m 1082 m 1080 
CHSOJ) 
m 2;^ (HS0^ ) 
1098 m 1096 m 1096 m 
1135 m 1134 m 1133 m 1134 m 
1178 w 1162 w 1171 w 1178 w 
1205 vw - 1206 vw 
1222 vw 1225 vw - 1225 vw 
1230 vw 1234 vw 1235 vw 1235 vw 
2940 vw 2924 vw 2924 vw 2934 vw 
2984 w 2980 vw 2977 vw 
3008 vw 3008 vw 3008 vw 3008 vw 
3054m,s 3046 w 3064 w 3064 w 
3080 w 3080 vw 3085 vw 3085 vw 
3116 w 3132 w 3104 w 3118 w 
1106 w 
1129 m 
1144 w 
1165 w 
1195 w 
1204 vw 
1216 vw 
1234 vw 
2920 vw 
2946 vw 
2962 vw 
2980 vw 
2998 m 
3029 m 
X 4 9 w 
3062 m 
3076 m 
3096 m 
1104 
1138 
1144 
1169 
1190 
1203 
1228 
2918 
2940 
2978 
2998 
3004 
3026 
3067 
3086 
w 
w 
w 
w 
w 
vw 
vw 
vw 
vw 
vw 
vw 
m 
w 
w 
w 
1100 
1128 
1146 
1172 
1192 
1201 
1214 
1231 
2918 
2940 
2952 
2975 
2998 
-
•JO 3 4 
3045 
3062 
3082 
3104 
m 
m 
w 
w 
m 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
m 
m 
w 
m 
sh 
vw 
1105 
1127 
1146 
1175 
1192 
1205 
1219 
-
2920 
2942 
2955 
-
2997 
3004 
3032 
-
3064 
•«• 
3100 
m" 
m 
w 
vw 
w 
vw 
vw 
w • 
vw 
vw 
vw 
w 
m 
m 
vw 
•2): 
20) N 
V(O-H) 
^^ -^^ 
N 
,N 
^^ 3 
TABLE 3.6 Contd.... 
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3165 vw - 3160 w 3160 w 
3197 w 3180 w 3180 w 3196 w 
3246 vw 3230 vw 3240 vw 3214 vw 
3274 vw 3267 vw -
3152 w 3153 w 3155 m 3150 w 
3170 w - 3168 w 3165 w 
3185 w 3188 w - 3182 w 
3208 vw 3210 vw 3215 vw 3213 vw 
3229 vw 3224 vw 3225 vw 3230 vw 
3286 vw 3286 vw 3292 vw 3292 vw 
3300 vw 3302 vw 3300 vw 3300 vw 3315 vw 3300 vw 3310 vw 3312 vw 
3328 vw 3326 vw 3324 vw - 3336 vw 3336 vw 3330 vw 3332 vw 
2 ^ 
Abbreviations used: s - strono, m - medium, b - broad, w - weak, 
N vw - very weak, L , t 
for lattice modes of SO 2-
and 1 stand respectively 
, lattice translatory modes 
+ of NH^ and lattice libratory modes of NH^. 
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exclusion principle. 
The important features of the spectrum in this phase are 
the appearance of a new band at around 1050 cm" and an increase 
in the intensity of the band at 902 cm" corresponding to tor-
sional mode, •yOH, of HSOT group observed at 897 cm" at room 
temperature. Schutte and Van Rensburg [l97l] in the spectrum of 
NH.HSO. have observed a band at 1045 cm" in the ferroelectric 
phase of the crystal. They did not observe it in any other phase 
including the one lying in the temperature range lower than that 
of the ferroelectric phase. It is assigned to combination 
( V j + 2^ ) of HSO4 . The band around 1050 cm" in the Raman 
spactrum is identified similarly. This combination mode is 
identified as the characteristic mode of ferroelectric phase. 
The appearance of the combination of HSOT as characteristic mode 
of the phase, indicating an increase in anharmonicity of the 
crystal and increase in intensity of yOH band suggests that HSOT 
ion plays an important role in the ferroelectric phase transition 
in the crystal. 
A decrease in the peak frequency of the N-H stretch band 
in this phase consistent with the decrease in other higher tempe-
rature phases indicates that the strength of hydrogen bond increases 
with decreasing temperature and is maximum in the ferroelectric 
phase. The splitting of N-H stretch and 0-H stretch bands suggests 
+ — 
an ordering of NH^ and HSO. ion in this phase. 
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3.4 CONCLUSIONS 
1. The appearance of two strong bands in the S-0 stretching 
frequency region indicates presence of HSOT ion as distinct 
entity. 
2. The Raman measurements show that the transition to phase IV 
from phase III and phase V are associated with the raising of 
+ 2-
site symmetry of NH. and SO^ ions to C from C, . 
3. The frequency shift of LO modes with temperature changes 
its tend on cooling from 220 K (phase III) to 135 K 
(phase IV) showing that the LO modes play an important 
role in the transition from phase III to phase IV. This 
also explains the abnormal behaviour of dielectric constant 
in the phase transition from phase III to phase IV. 
S 'iS ••• 
4. The combinational mode ('l)^ + V^; of HSOT ion fundamentals 
is identified as the characteristic mode of the ferro-
electric phase. It shows that the anharmonic vibrations 
of HSOT ion play a crucial role in freezing the ferro-
electric phase of the crystal. The anharmonicity caused 
mainly due to the ordering of HSOT ions is maximum in the 
ferroelectric phase (phase VI). This is also indicated 
by the largest value of damping constant in this phase for 
the lattice mode and the -^\ mode. 
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5. The nature of N-H stretching band suggests the presence of 
hydrogen bonding at room temperature. The strengthening 
of this hydrogen bonding with decreasing temperature is 
indicated by the decrease in N-H stretching frequencies 
with decreasing temperature. 
6. The ferroelectric phase transition in the crystal takes 
place due to an ordering of NH^ and HSO. ions. 
: 123 : 
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FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF (CH3NH3)2ZnCl4 
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FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF (CH3NH3)2ZnCl4 
4.1 INTRODUCTION 
Bis-methyl ammonium tetrachlorozincate, {CH^1^2)2^'^'^^/:^* 
(hereafter referred as MATZ) belongs to a large family of 
crystals with general formula i^J^2n+1^^3^2^^A where M is a 
divalent metal ion and X is a halide [Geick and Strobel 1977, 
Petzelt 1975, Kind et al 1979]. The short chain compounds with 
M = Mn, Cd, Fe or Cu exhibit perovskite structure. These compounds 
are characterized by two-dimensional metal-halogen network widely 
separated from one another by methyl ammonium groups. The metal 
ions are surrounded by slightly distorted halogen octahedra (X,). 
The structural phase transitions in these compounds are governed 
by the motions of methyl ammonium groups, the metal-halogen 
clusters affecting the phase transitions only indirectly. 
Compared to the other members of the family MATZ shows an 
important difference. Unassociated Cl^ tetrahedra are present 
in the crystal instead of corner-sharing layers of chlorine 
octahedra [Mororin and Emerson 1976]. Therefore, its structure 
is different from the other members of the family. On account of 
its structure and symmetry it can be related to the tetrahedrally 
coordinated crystals of A2BXX family. Its structure is similar 
to tetramethyl substituted compound. The crystal is known to 
exhibit structural phase transitions at 483 and 426 K [Perez-Mato 
et al 1981]. Corresponding phases of the crystal are denoted as 
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phase I, II and III in order of decreasing temperature. The 
studies related to thermal, dielectric and optical measurements 
have been made by Perez-Mato et al [1981] and the two phase 
transitions were investigated. In phase III, the room temperature 
phase, crystal shows ferroelastic properties. The x-ray analysis 
of the crystal at room temperature has been made by Perez-Mato 
et al [1981] and Mororin and Emerson [1976] . Space group and 
lattice parameters of the crystal were obtained,from the analysis. 
Because of its ferroelastic character in phase III, 
orthorhombic (Pnma) symmetry is suggested in phase II on the 
basis of the small displacement theory for ferroparaelastic phase 
transitions in A2BX4 type compounds [Weber, Toefield and Liao 
1975]. 
The FIR reflectivity of MATZ for random orientation of the 
crystal at room temperature in the frequency region 50-500 cm" 
has been measured. Optical constants and frequencies of optical 
phonon modes have been evaluated from classical oscillator fit 
to the experimental data. The Raman spectra of the crystal have 
been recorded at 300, 450 and 500 K for random orientation of the 
crystal. Polarisation measurements in the crystal could not be 
made because the crystals were fragile and thin which made it 
difficult to cut them along certain fixed directions for the 
measurement. The absorption spectra in the NIR and FIR regions 
at room temperature have been recorded to facilitate the identi-
fication of vibrational modes. 
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4.2 CRYSTAL STRUCTURE AND GROUP THEORETICAL ANALYSIS 
MATZ crystallizes in a monoclinic symmetry at room 
temperature with space group P 2^/a (C2f^ ) [Mororin and Emersion 
1976, Perez-Mato et al 1981]. Crystal shows a strong pseudo-
orthorhombic structure. The structure consists of CH^NH^ and 
2— * 
ZnCl. ions packed in an arrangement similar to that of P-K2SO.. 
The methyl ammonium chains are linked to the CI" ions by hydrogen 
2_ 
bonds, N - H ....CI.. The ZnCl, tetrahedra are slightly distorted 
because of the presence of hydrogen bonds. The unit cell parameters 
as deteimined by Perez-Mato et al [l98l] are the following; 
0 0 0 0 
a = 10.865 A, b = 7.627 A, c = 12.667 A and y = 96.58 . 
Figure 4.1 shows a schematic projection of the structure along 
* 
the c-axis. 
The Raman and infrared active vibrations for the 02^ factor 
group have been discussed for TAHS in Chapter III. 
The group theory predicts 252 vibrational modes distributed 
among the symmetry species of the factor group. The site symmetries 
possible for the C^u space group at room temperature are 4C.(2) and 
Cj^ (4) [Fateley et al 1972]. There are two different kinds of 
CHoNHo ions in the crystal. It has four molecules per unit cell 
and, therefore, there will be three different sets of ions, 
,2-CHgNH^ (1), CH3NH3 (2) and ZnCl^". 
of 
All the three sets^ each/four equivalent ions* will be at 
different Cj^  sites since the only site of multiplicity 4 is C. 
for the space group. In phase II symmetry of the crystal is 
: 1?8 
® 
e 
Fig. 4.1 Schematic c-projection of room temperature phase 
of MATZ. 
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predicted as orthorhombic with space group, D2^. The site 
symmetry of the groups has been taken as C . Correlation 
between the symmetry species of free state point group, site 
symmetry point group and the factor group of the crystal in 
phase III and phase II is given in table 4.1. Using these 
correlations, the symmetry species, the number of phonon modes 
arising from a definite mode of free state point group of methyl 
ammonium and ZnCl^ ions and the translatory and libratory modes 
are given in table 4.2. 
of CH-^NHI and ZnCl^" ions for room temperature phase (phase III) 
4.3 RESULTS AND DISCUSSION 
4,3.1 Reflectivity spectra 
Infrared reflectivity spectra of MATZ at room temperature 
have been recorded in the frequency region 50-500 cm" for random 
orientation of the crystal. FIR reflectivity for high temperature 
phases, I and II could not be measured as there was no facility of 
making the measurement above room temperature with the equipment 
used. The classical oscillator fit to the reflectivity data has 
been obtained as described in Chapter I. The oscillator fit 
along with the experimental data are shown in figure 4.2. The 
spectrum shows three reststrahlen bands. No band is observed 
above 300 cm~ in the spectrum. The variation of optical constants 
9» and g," , 0 and Im(l/£), n and k, and £ with frequency are 
shown in figure 4.3, 4.4, 4.5 and 4.6 respectively. The classical 
oscillator parameters, are shown in table 4.3. 
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TABLE 4.1 Site group - factor group correlation for the 
vibrations of CH^NH^ and ZnCl^" ions in 
(CH3NH3)2ZnCl4 crystal 
Phase III 
Structural 
group 
ZnCl^" 
CH3NH3 
Free state 
Id 
\ 
E 
h 
. F2 
£3v 
^ 
Aj 
E 
Symme try species 
Site group 
£1 
A 
2A 
3A 
3A 
h 
A 
A 
2A 
Crystal factor 
group 
£2h 
(A„+B +A +B ) 
^ g g u u' 
2(A„+B^+A +B ) 
^ g g u u' 
3(^-*-\^^+^u) 
3(Ag^Bg+A^+Bj 
^ 
(A„+B„+A +B ) 
g g u u 
(A^+B +A +B ) g g u u'^  
2(A„+B„+A +B ) 
^ g g u u' 
ZnCl 2- D, 2h 
Phase II 
CH3NH+ 
E 
F, 
'3v 
'^ 1 
A2 
E 
A' 
A' 
2A' 
A' 
'+A" 
'+2A" 
•+A' ' 
s 
A' 
A " 
A'+A" 
^^^^25+^1^+83^) 
^V^2g+Biu+B3^) + 
(hg^B3g-fA^+B2^) 
2(Big-^B2g+A^+B2^) 
2(A„+B^ +B, +B^ )+ g 2g lu 3u 
'8lg+B3g+A^+B2j 
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Table 4.2 Classification of Phonons in (CH2NH2)2ZnCl4 
crystal (Phase III) (Site symmetry approach) 
Modes 
1 
5 
Spec ies under €2^ 
\ ^a \ \ 
2 3 4 5 
N^ 
6 
I. Internal modes of 
ZnCl^"(T^): Site C^ ^ 
2^l(A,) 
2?2(^) 
^ 3 ( F 2 ) 
:i;4(F2^ 
To ta l i n t e r n a l modes 
2— 
of ZnCl^ 
1 
2 
3 
3 
9 
1 
2 
3 
3 
9 
1 
2 
3 
3 
9 
1 
2 
3 
3 
9 
4 
8 
12 
12 
36 
II. Internal modes of 
CH3NH3(C3^): Site C^ 
^^{A^) 
V2(Ai ) 
D:^iA^) 
V 4 ( A p 
^ , ( A , ) 
^ 5 ( ^ 2 ) 
VjiE) 
iPg^E) 
-^gi^) 
i^io(E) 
Vij^iB) 
l)l2^E) 
Total i n t e r n a l modes 
of CH3NH3 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
36 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
36 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
36 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
36 
8 
8 
8 
8 
8 
8 
16 
16 
16 
16 
16 
16 
144 
Table 4.2 Contd,... 
III. External modes 
(I) Libratory modes 
of ZnCl^'CFj^) 3 
: 132 : 
12 
(II) Translatory modes 
of ZnCl4''(F2) 3 3 3 3 12 
(III) Libratory modes 
of CH3NH3 6 6 6 6 24 
(IV) Translatory modes 
of CH3NH3 6 6 6 6 24 
Total external modes 
Grand Total 
18 
63 
18 
63 
18 
63 
18 
63 
72 
252 
a Total phonon modes originating from a particular mode 
of vibration. 
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Fig. 4.6 Dielectric constant vs frequency curve for MATZ. 
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Table 4 .3 Class ical o s c i l l a t o r parameters (cm" ) 
f i t t e d to the r e f l e c t i v i t y data of 
(CH3NH3)2ZnCl4 
I . • I • 
£(oo) = 2.70 
Sj^  = 235 $2 = 202 S3 = 168 
U). = 135 u). = 207 u). = 268 
^1 ^2 ^3 
U)K = 199 0), = 235 0). = 301 t 1 , 2 - — - ( 3 
Yj^  = 28 .0 Y2 = 33.0 Y3 = 14.0 
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As discussed in previous Chapter the number of bands 
expected in the spectrum reduces due to low resolution in the 
vicinity of the reststrahlen band and polarisation dependence of 
modes of different symmetry species. Out of the 54 (27 A^ + 27 B^ )^ 
infrared active vibrations expected in FIR region only three have 
been observed. Some of the lattice modes of CH^NHo have frequ-
encies very close to the frequencies of certain vibrations of 
ZnCl^ ion which may not be resolved and thus reduces the number 
of vibrations to be expected in the spectra. Further, 12 (6 A^ + 
2«. 6 B ) external modes of ZnCl^ , out of the 54 infrared active 
u ^ 
vibrations, lie below the frequency region under study and there-
2-
fore, do not appear in the spectra. Also the ZnCl^ ion in the 
crystal behaves like a perfect tetrahedral and therefore, components 
of its degenerate vibrations may not appear in the spectra. 
The oscillator fit for the three observed reststrahlen 
bands gives the frequency of corresponding TO modes as 135, 207 
and 268 cm"" . On examining the vibrational spectra of the crystal, 
whose details are discussed in the following section, the modes 
at 135 and 207 cm" are identified with lattice modes and the 
-1 2— 
one at 268 cm with a stretching mode of ZnCl. ion. The value 
of damping constant as estimated for the lower frequency modes 
(135 and 207 cm""^ ) is 28 and 33 cm"-"- and for the third mode it is 
found to be 14 cm" . Generally, the external modes are expected 
to be more affected by the anharmonicity resulting in a higher 
value of damping constant for these modes. This is in consistency 
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with the assignment of modes at 135 and 207 cm" to lattice 
modes. 
4.3.2 Vibrational spectra and assignment at room temperature 
Raman spectra for the crystal have been measured for all 
the three phases of structure of the crystal and infrared spectra 
have been recorded only at room temperature. Raman spectrum 
however, forms the basis of the vibrational analysis. In view 
of this fact the identification of.observed bands has been 
discussed in terms of their frecuencies in Raman spectrum. 
However, bands observed exclusively in the infrared spectra 
are also discussed at last. The infrared spectra in NIR and 
FIR regions and Raman spectra of the crystal at room temperature 
are shown in figure 4,7, 4.8 and 4.9 respectively. 
The normal modes of vibration of the crystal include 
+ 2-internal modes of CH^NH^ and ZnCl. ions and the external 
modes and are analysed accordingly, 
4.3.2.1 Internal modes of CH^NH- ion 
The free ion possesses C-s symmetry. Out of the twelve 
fundamentals, there are five ('V, ^'^^<^^ totally symmetric A, 
and one C"))^ ) asymmetric A2 type non-degenerate vibrations, 
and six {^^ *^^  "^12^ doubly degenerate E type vibrations. 
The vibrations of A, and E species are allowed in the 
infrared and Raman both whereas the vibration belonging to A2 
specy is IR-Raman in active. 
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Vibrational assignment has been made with help of the 
spectra of methyl ammonium chloride [Meinander et al 1979, 
Castelucci 1974] and methyl ammonium metal chlorides [Rao et al 
1991, Oxton and Knop 1977], The assignment of frequencies is 
included in table 4.4. Comparison of our spectra with those of 
others leads to the following assignments. 
A strong sharp band at 2982 cm" is assigned to totally 
symmetric CHo stretch, 2^2» '^^^^^ "to the fact that CH^ stretch 
bands are found to be stronger than the NH^ bands which are 
generally observed as broad, weak bands. Bands at 3017 and 
3037 cm" are assigned to asymmetric CH^ stretching mode,"X^o. 
A weak, broad band at 3052 cm" is assigned to totally symmetric 
NH3 stretch, ^ 2)^. The bands around 3135, 3180 and 3200 cm" have 
been identified with the components of asymmetric NH^ stretch, 
iL.The N-H stretching frequencies of CH^NHJ ion for the crystal 
are lower than those observed in neutral molecule [Nakamato 1978]. 
This decrease in frequency may be due to the weakening of the 
N - H bonding as compared tD the free NH^ because of the presence 
of hydrogen bonding of the type N - H ... CI. 
The band at 1480 cm" with a shoulder at 1489 cm" is 
assigned to ^ IQ» the asymmetric bending mode of CH^ and very 
—1 1 
weak bands around 1417 and 1430 cm are assigned to lAf the 
symmetric bending mode of CH^. The doublet structure having 
frequencies 1580 and 1587 cm" along with the band at 1602 cm" 
are identified with the components of asymmetric NH^ bending 
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TABLE 4.4 Raman and infrared frequencies of (CH2NH2)22^ 'f^ Cl4 
and their assignments. 
Raman 
500 K 
28 vw 
50 vw 
65 vw 
80 vw 
95 sh 
102 vw 
115 vw 
125 vw 
130 w 
135 m 
145 w 
160 w 
170 vw 
180 vw 
195 vw 
200 vw 
215 w 
-
248 vw 
266 w 
282 w 
288 w 
287 sh 
290 s 
325 vw 
368 vw 
382 vw 
455 vw 
frequency 
450 
30 
45 
50 
78 
90 
105 
115 
130 
125 
142 
165 
170 
-
195 
-
218 
-
-
263 
275 
280 
-
293 
330 
368 
-
440 
K 
vw 
vw 
vw 
vw 
vw 
w 
vw 
w 
w 
m 
vw 
vw 
vw 
vw 
vw 
vw 
w 
s 
vw 
vw 
vw 
(cm-^) 
300 K 
32 vw 
46 w 
60 vw 
87 w 
102 m 
108 w 
130 m 
141 vw 
166 sh 
174 vw 
185 vw 
-
-
~ 
- -
-
-
-
-
-
286 s 
368 vw 
-
— 
I n f r a r e d 
f r equenc i e s 
300 K 
65 w 
81 w 
98 w 
102 w 
112 w 
132 m 
142 w 
160 w 
182 w 
192 w 
208 w 
222 w 
232 w 
240 w 
287 w 
-
-
-
293 s 
315 w 
-
_ 
Assignment 
L" 
CH^NHt l a t t i c e modes 
^ ^ ill) 
CH3 
NH3 
2*2 
Vl 
torsion-l ibrat ion (CCHj) 
^l 
Dl 
t o r s i o n - l i b r a t i o n 
('CNHg) 
(TNH^+CcH. 
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TABLE 4 .4 C o n t d . . . . 
486 vw 
525 vw 
538 vw 
554 m 
572 m 
655 w 
680 w 
735 w 
780 w 
830 w 
870 w 
938 w 
970 w 
990 m 
1000 m 
1020 w 
1050 w 
1060 w 
1075 w 
1134 w 
1164 m 
1188 vw 
1204 w 
1240 vw 
1255 w 
1266 w 
1290 m 
1300 m 
1325 vw 
1345 w 
1370 w 
1405 
480 vw 
530 vw 
545 w 
558 w 
665 w 
685 w 
730 w 
770 w 
-
875 w 
940 w 
965 w 
993 m 
998 w 
1015 w 
1045 w 
1065 w 
1085 w 
1140 w 
-
-
1208 w 
1245 w 
-
1270 vw 
1290 vw 
1300 vw 
1330 vw 
1355 vw 
1395 w 
1400 vw 
-
-
542 vw 
-
-
-
730 
-
-
-
942 vw 
-
987 s 
995 s 
-
-
-
-
1137 vw 
-
-
-
1262 vw 
-
-
1292 w 
-
-
1417 vw 
-
-
549 w 
-
665 w 
-
-
-
-
-
926 s 
-
984 m 
-
-
-
-
-
1173 w 
-
-
-
1254 s 
-
-
-
-
-
1422 vw 
C-N 
2'C:H 
CH3 
C-N 
torsion {V^ 
2'CNH3 
•3^ ^ ^"3 
rock ('^ •^12) 
stretch (2^ c) 
^12+^ ^ «3 
^12 
NH3 
P12 
^11 
^11 
Symme-
^^L 
rock iV^^) 
+ CNH3 
-^L 
+ CCH3 
trie CH- bene 
^4 
TABLE 4 .4 Contd. 
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1420 
1440 
1466 
1462 
1475 
1480 
1502 
1538 
1545 
1570 
1585 
1612 
1648 
1655 
1715 
1735 
1765 
1870 
1905 
1915 
1945 
1980 
1995 
2005 
2010 
2015 
2022 
2035 
2062 
2072 
2110 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
s 
s 
vw 
vw 
vw 
vw 
w 
w 
w 
w 
s 
s 
s 
m 
m 
w 
m 
vw 
w 
1422 
-
1435 
1452 
1470 
1485 
1495 
— 
1540 
1550 
1580 
1590 
1598 
1600 
1715 
1740 
1780 
1870 
1890 
1910 
1950 
1960 
1995 
2000 
-
-
-
-
2068 
2080 
2130 
vw 
vw 
vw 
vw 
vw 
w 
w 
w 
w 
w 
m 
m 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
vw 
w 
m 
w 
w 
m 
1430 vw 
«^  
^ i * 
1457 vw 
1462 w 
-
-
1489 m 
1496 w 
1522 w 
1547 vw 
-
1580 m 
1587 m 
1602 vw 
-
1775 vw 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
. 
— 
-
-
1432 w 
-
-
1478 m 
1482 w 
-
-
1583 w 
1628 w 
-
1725 w 
-
-
1864 w 
-
-
-
-
-
-
2009 w 
-
-
-
— 
-
^ 
Symmetric NH-> bendir 
Asymmetric CH^ bendi 
Asymmetric NH^ bend: 
•^g +TCH3 
A o * ''^ NHj 
^9*^L 
2i^l2 
2 % 
^ 6 ^ ^ VJ T 
^6^*3 
^6 -Ho 
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IrtDl-E 
-
2170 
2208 
2208 
2230 
2268 
2293 
2320 
2345 
2355 
2400 
. t ••-
w 
w 
w 
w 
w 
w 
m 
w 
2145w 2182 
2182 w 
2190 w 
M> ^0 
2235 w 
2246 w 
-
2330 vw 
^ ^ 
^ #* 
• » ^ 
2168 w 
2399 w 
*^ 
2765 w 
2846 w 
2880 w 
2920 w 
2982 s 
3017 vw 
3037 w 
3052 w 
3135 w 
3200 vw 
3250 vw 
2500 
2722 
2842 
-
2908 
2952 
-
3005 
3067 
3120 
-
. 
w 
w 
w 
w 
w 
w 
w 
w 
^6 ^^9 
y. + 2C(NH3) 
773 + 2f(NH3) 
3^ 5 
^9 
^3 
^10 
+-9 
11 
11 
12 
12 
12 
^3 -^ 11 
^4 ^^10 
^^0 
^9 ^"^11 
Symmetric CH- stretch 
Asymmetric CH^ stretcl 
Symmetry NH^ stretch 
Asymmetric NH^ stretch 
2^0 
vw - very weak, w - weak, m - medium, s - strong 
L andVL stand for lattice modes of ZnCl^'ion and 
CH3NH3 ion respectively, 
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mode,2/g. The symmetric bending mode, ^ , is observed around 
1522 cm""'". The rocking modes,"i^ ^^ j^  of NH^ group and i^ j^2 ^ ^ ^ ^3 
group are observed at 1262 and 945 cm" respectively. Weak 
bands in the frequency region 2000-3000 cm" except the one at 
2182 cm" are identified with either combinations or overtones 
of the fundamentals described above. 
A very weak band at 542 cm" appears in the spectrum. 
The fundamentals of CH_NH^ ion are found to be observed above 
800 cm" in other methyl ammonium compounds. However, the only 
fundamental observed below this frequency is the C - N torsional 
) is 
mode, V-, which/infrared-Raman inactive vibration under C^ 
symmetry. We assign the band at 542 cm" to this torsional mode, 
"y^. This mode could become active if the CH^NHo i-o^i gets 
distorted inside the crystal and its symmetry becomes lower than 
'"3v' ^^ "^ ^ lowering of symmetry could also contribute to the 
observed splitting of the degenerate asymmetric NH^ bending ( X^Q) 
and asymmetric CHo bending ( V Q ) vibrations. The identification 
of the band at 542 cm" with 1^ , interprets the band at 2182.cm" 
as the combination ( V. +^g). 
However, a higher frequency of }A in MATZ as compared to 
its value in methyl ammonium chloride may be attributed to a 
stronger hydrogen bonding in MATZ [Theor^t and Sandorfy 1967]. 
This is in consistency with the observed higher value of N - H 
stretching frequency in the crystal compared to its value in 
methyl ammonium chloride. 
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The strong doublet observed around 987 cm" seems to 
correspond to the band at 999 cm~ in methyl ammonium chloride 
identified as the C - N stretch mode,l)c [Meinander et al 1981]. 
The splitting of this non-degenerate mode cannot occur due to 
the lowering of symmetry. The other prominent source of this 
splitting is the effect of correlation field. The present 
crystal has four formula units per unit cell with CH^NH-, ion 
equally distributed between two different C, sites. In such 
a case the correlation field could be strong enough to produce 
splittings. The effect of correlation field is further demons-
trated by the splitting of other non-degenerate modes-^the 
symmetric CH^ bending ('^ 4) and the symmetric NHo bending (^3) 
modes. 
In the infrared spectra of the crystal some weak bands 
appear in the frequency region 1700-2500 cm" . The band observed 
at 2168 cm" perhaps corresponds to the combination {II + ^ Q ) 
observed at 2182 cm" in the Raman spectra. Bands at 2009 and 
2500 cm" are assigned to (V^ +^4) and 2}^,, respectively and 
bands at 1725, 1775, 1864 and 2399 are identified as different 
combinations of Dg and V,-. with external vibrations. 
2-
4.3.2.2 Internal modes of ZnCl4 ion 
2-
The free ZnCl4 ion has tetrahedral symmetry. There are 
four fundamental vibrations for the ion under this symmetry, 
"^l^^l^ ' ^2^^^» H^^2^ and X^4(F2). The strong sharp band 
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observed at 286 cm~ is assigned to ^ i , the totally symmetric 
Zn-Cl stretch mode. The triply degenerate asymmetric Zn-Cl 
stretching vibration, lA. is not observed at room temperature 
in the Raman spectrum. The band at 272 cm" in the infrared spec-
tra is. assigned to the T/^  vibration. The doubly degenerate 
symmetric bending 2^2* ^^^ "the triply degenerate asymmetric 
bending, Z'^, vibrations are observed at 102 and 135 cm" res-
pectively. The nature of the observed bands suggests that the 
2_ 
symmetry of ZnCl^ ion inside the crystal is very close to the 
tetrahedral at room temperature. 
4.3.3.3 External modes 
+ 2-
External modes of the CHoNH- and ZnCl^ ions have been 
identified by comparing the spectra specially with those of 
[N(CH3)4]2ZnCl4 [Bon et al 1980] for ZnCl4" ion and (CH3NH3)2CdCl4 
and (CH3NH3)2MnCl4 for CH3NH3 ion [Mokhalisse et al 1983]. The 
-1 2-
bands below 60 cm are assigned to the external modes of ZnCl. 
ion. Bands in the frequency region 60-100 cm" are assigned to 
CH3NH3 librations whereas those in the region 160-190 cm" are 
identified as the CH3NH3 translations. In the crystal, CH3NH3 
ion is considered as a rigid body and performs, in particular a 
libration about the C - N axis when the CH3 and NH3 group move 
in phase. In this case, additional low frequency vibrations are 
the out of phase torsional modes of CH3 and NH3 groups. The bands 
at 140 cm" and those around 320 cm" are assigned to these 
torsional modes of CH3 (CCH^) and NH3 ( C N H O ) group respectively. 
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Assignment of these modes interprets the bands around 730 and 
877 cm" as the combinations of the two torsional modes. 
4.3.3 Spectra at high temperatures 
The measurements at higher temperatures include only-
Raman spectra for phase II and phase I of the crystal. The 
respective recordings have been made at 450 and 500 K. The 
Raman spectra of the crystal at 450 and 500 K are shown in 
figure 4.9. Band positions observed in the spectra are included 
in table 4.4. The salient features of the spectra are discussed 
below. 
Spectra in both phase II and phase I show bands in addition 
to those observed at room temperature along with the splitting of 
certain bands. The bands appearing around 1900 and 2000 cm" are 
identified as overtones 2^2 i^nd 2i)„. Other additional bands 
in the frequency region 1800-2200 cm" are assigned to the combi-
national modes with l)^ as' one of the components in the light of 
the assignment in similar methyl ammonium metal chlorides [Rao 
et al 19B1'] and in methyl ammonium chloride [Cabana and Sandorfy 
196a] . Bands around 2208 and 2230 cm" are assigned to combina-
tions (>^ 4 + 2<ZiUH^)) and {V^ + 2'r(NH3)) respectively. Bands 
around 2246, 2295, 2320, 2345, 2355 are assigned to various combi-
nations of the fundamentals of CHoNH-, ion. 
The increasing number of these combinations as the crystal 
approaches phase I suggests that the crystal possess most 
153 : 
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anharmonic character in phase I as the occurrence of two-phonon 
modes in the spectra i s due only to the anharmonicity of the 
c r y s t a l . The appearance of combinations of the type 1), + ^ Q » 
'V^ " ^ 4 s t c . in the spectra in phase I I and phase I suggests 
t h a t the r eo r i en t a t i ona l motion of CH^ NH^  ion i s not free in 
these phases and a hindering of r e o r i e n t a t i o n a l motion of the 
ion takes place as the c r y s t a l changes i t s phase on heat ing . 
In phase I , V , , gains in in tens i ty and addi t ional combinations 
involving '^(.i.'^f. + "^^Q and 5 + ^ 3 } appear in the spec t ra . 
The increase in the in tens i ty of the tors ional mode in th i s phase 
suggests tha t the phase t r ans i t i on from phase II to phase I i s 
associated with an increased hindered ro t a t ions of CH_NH- ion 
whereas the presence of d i f fe ren t combinations of 2A in the 
phase I I and phase I indicates t h a t the hindering of r e o r i e n t a t i o -
nal motion of CH^ NH-j ion i s d i f f e ren t in the two phases . The 
overtones 2"^= and 2 ;p.2 observed around 2000 and 1980 cm" 
are found to show a suf f ic ien t increase in i n t e n s i t y in phase I 
compared to phase 11 . This behaviour seems to be log ica l on 
account of higher v ib ra t iona l l eve ls of a fundamental being more 
populated at higher temperatures. 
The asymmetric bending mode of NHO»'^Q> gains in i n t ens i t y 
in phase I and i t s frequency also increase in t h i s phase. The 
increase in the frequency of the bending mode may be a t t r i bu t ed 
to the increase in hydrogen bonding in the c r y s t a l [Rao e t al 1981] 
However, the increase in the i n t e n s i t y of the band can not be 
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explained. Further, the Zn-Cl stretch band observed at 
286 cm~ in phase III show splitting in phase II and phase I. 
The split components have been identified as the components of 
asymmetric stretch 2^ « which was not observed at room temperature. 
Such a splitting of the bands in the spectra could originate 
either from the lowering of symmetry of the crystal or from 
2-the distortion of ZnCl. tetrahedra. In phase II crystal 
symmetry is known to be higher than that in phase III and 
therefore the splitting could be explained only on the basis 
of distortion on ZnCl^ ion. The x-ray analysis of the crystal 
at room temperature done by Perez-Mato et al [1981] shows that 
+ _ 2-
each CHgNHg ion is linked to three CI ions of the ZnCl^ tetra-
hedra by the hydrogen bonds N - H ... CI, It has been suggested 
that more than three CI ion may get linked to each CH^NH^ ion 
at higher temperatures (phase II and I). This linkage of 
CH-jNH^  ion to more than three CI ions distorts the ZnCl^ tetra-
2-
hedra lowering the symmetry of the ZnCl. ion and it also 
increases the disorder of the organic ion in the crystal lattice. 
The extension of the organic ion linkage to more Cl" ions should 
primarily occur due to increase in hydrogen bonding in the crystal. 
This inference is further corroborated by the behaviour of NH^ 
bending mode, 2^^, whose frequency is found to show a large blue 
shift on approaching phase I. 
The effect of hydrogen bonding could also be studied from 
the behaviour of N - H stretching frequencies. Unfortunately, 
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the spectrum in the N - H stretching frequency region in phase II 
and phase I could not be recorded due to the observed abnormal 
increase in intensity of detected radiation. This abnormal 
increase in intensity of radiation is most probably contributed 
by the thermal radiation eminating from the hot crystal [Long 1977] 
A coherent antistokes Raman scattering (CARS) study is recommended 
for a clear understanding of crystal's behaviour in phase I and 
phase II 
4.4 CONCLUSIONS 
1. Vibrational analysis of the crystal suggests that the 
symmetry of CH^ NH-, ion is lower than C^^ inside the 
crystal, 
2. The effect of correlation field as exhibited by the 
splitting of non-degenerate modes is found to be 
substantial. 
3. The motion of CH^NH- ion is found to play an important 
role in the structural phase transitions of the crystal. 
A hindering of reorientational motion of CH^NH^ ion is 
suggested in phase II and phase I, however, in phase III 
the motions are nearly free. 
4. The effect of hydrogen bonding seems to closely linked 
with the order of organic ions in the crystal. The 
change in hydrogen bonding strength with temperature 
changes the bonding arrangement and leads to the phase 
transitions. The hydrogen bonding is found to be strongest 
in phase I. 
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CHAPTER-V 
FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF (NH4)2ZnBr4 
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FIR REFLECTIVITY AND VIBRATIONAL SPECTRA OF iUH^)^ZnBT^ 
5.1 INTRODUCTION 
Ammonium te.trabromozincate, (NH^)22.nBr., (hereafter 
referred to ATBZ) belongs to the class of crystals of the type 
A2BX4, where A = NH^, NCCH^)^, K, Rb, Cs-, B = Zn, Co, Cu, Fe, 
Mn or Cd and X = CI, Br or I. Crystals of this type show ferro-
electricity, ferroelasticity, incommensurability etc. [Pirnat 
et al 1980, Moskalev et al 199^, Broda 1984, Sawada et al 1981, 
Unruh 1981]. ATBZ is also known to undergo ferroelectric phase 
transition at 216 K [Osaka, Komukae and Makita 1982] and an in-
commensurate phase transition at 395 K [Sato, Osaka and Makita 
1983]. Crystal structure at room temperature has been predicted 
by Asker, Scaife and Watts [1972] and Moskalev et al [1982] from 
priliminary x-ray and Br NQR measurements as orthorhombic. 
Moskalev et al [1982] have observed the two phase transitions 
mentioned above at 222.5 and 365 K respectively from the study of 
dielectric constant and Br NQR measurements. Osaka, Komukae and 
Makita [1982] have studied the dielectric and thermal properties 
of the crystal and observed another phase transition at 493 K. 
Bist and Agrawal [l986r] have reported the temperature variation 
of Raman spectra of the crystal and found evidence for an additi-
onal phase transition at 130 K. They have recorded the Raman spe-
ctra of single crystals in different polarisation geometries for 
three different phases at 450, 300 and 85 K and suggested crystal's 
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symmetry as monoclinic at room temperature and not orthorhombic 
as reported by Asker, Scaife and Watts [1972], The effect of 
temperature on Raman scattering in the low frequency region has 
also been studied by Moorthy, Chandrasekhar and Bhatnagar [198§]. 
They have observed anomalous change in bands' peak heights near 
the ferroelectric and incommensurate phase transition tempera-
tures. No change in the frequency of bands with temperature was, 
however, observed. 
We have measured the infrared reflectance of the single 
crystals for random orientation at 300 and 105 K in the far-
infrared frequency region to study the behaviour of low frequency 
optical constants and frequencies of optical phonon modes in the 
two phases below room temperature. Our vibrational study of the 
crystal includes infrared absorption at room temperature in the 
NIR and FIR regions for powdered crystals. The room temperature 
Raman spectra of the crystal reported by Agrawal [1986] have been 
reproduced here for the completeness of vibrational spectra. 
5.2 CRYSTAL STRUCTURE AND GROUP THEORETICAL ANALYSIS 
An orthorhombic symmetry of the crystal at room temperature 
has been predicted by Asker, Scaife and Watts [1972] and Moskalev 
et al [1982] on the basis of priliminary x-ray study. Space group 
of the crystal is suggested as D2j^  (Pncm) with unit cell para-
o 0 0 
meters, a = 9.66 A, b = 13.2 A, c = 7.605 A [Asker, Scaife and 
Watts 1972], However, the detailed investigation of crystal 
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structure has not been made so far. The possible unit cell of 
the crystal has been presented in figure 5,1 on the basis of the 
symmetry of crystal. Total number of vibrational modes expected 
for the crystal is 180, distributed among the species of D2Y. 
factor group as follows: 
r p_ = 24 A +21 B, +24 8^+21 B^ +21 A +24 B. +21 B^ +24 B^ . 
' 180 g Ig 2g 3g u lu 2u 3u 
Vibrations belonging to species A , B, , 82- and B^^ 
show Raman activity and those belonging to species 8, , Bp , B^ 
show infrared activity whereas the modes of A, specy are 
infrared-Raman inactive. 
Vibrations of A symmetry appear in the XX, YY and ZZ 
y 
polarisation geometries whereas those of 8, , 82- and B^^ 
symmetry appear in XY, ZX and YZ polarisation geometries 
respectively in the Raman spectra. The infrared active vibrations 
of B, , 82 and 8^ symmetry are expected when the electric 
vector of the incident radiation is made parallel to the Z, Y 
and X axes of tha crystal respectively. 
For obtaining the number of vibrational modes belonging to 
different symmetry species of the factor group, the site symmetry 
of the ions in the crystal has been found out with help of table 
given by Fateley et al [1972], Possible site symmetries for the 
factor group Dg^ are C,(8), 2C^(4) and C (4). The crystal has 
162 
0 H 
• Zn 
<9 Br 
Fig. 5.1 Schematic representation of structure of ATBZ 
at room temperature phase. 
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four formula units per unit cell. Therefore, there will be 
+ 2-
eight NH^ ions and four ZnBr. ions per unit cell. Eight 
NH, ions can be accomodated only on C, sites having multiplicity 
2-
of 8. The ZnBr. ions may have C or C. site symmetry. 
Owing to the fact that site symmetry of a ion should be a sub-
2-
group of the free state point group the site symmetry of ZnBr^ 
ion is taken as C . Considering these site symmetries of the 
ions correlation between different symmetry species of T^ point 
group, site symmetry point group and the factor group of the 
crystal has been obtained and presented in table 5.1. The number 
of phonon modes originating from a definite mode of free state 
+ 2-point group of NH^ and ZnBr. ions along with the libratory and 
+ 2-translatory modes of NH. and ZnBr. ions under the different 
symmetry species of the crystal factor group are given in table 5.2, 
5.3 RESULTS AND DISCUSSION 
5.3.1 Reflectivity Spectra 
FIR reflectivity spectra of ATBZ crystals have been 
recorded at 300 and 105 K for the two phases in random orientation 
of the crystal in the frequency range 50-500 cm" . Optical 
constants and frequencies of optical phonon modes have been 
evaluated from the classical oscillator fit to the reflectivity 
data as described earlier. The oscillator fit and experimental 
data are shown in figure 5.2. The variation in £* and £'*, 
a and Im(l/g ), and n and k with frequency as evaluated 
: 164 : 
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Table 5.2 Cl§ssification of phonons in {HH/)2'Z.nBT. (Room temperature) 
(Site symmetry approach) 
Modes 
1 
I. Internal modes of 
ZnBr^": Site C 
77^(A^) 
1?2(E) 
l^^iF^) 
V4(F2) 
Total 
II. Internal modes of 
NH^: Site C^ 
^l(A,) 
•^2^E) 
V^i?^) 
^4(^2) 
Total 
III. External modes 
(I) Translations 
of ZnBr^ "* 
(II) Librations of 
ZnBr^" 
% 
i 
1 
1 
2 
2 
6 
1 
2 
3 
3 
9 
2 
1 
'iq 
3 
0 
1 
1 
1 
3 
1 
2 
3 
3 
9 
1 
2 
Species under 
2^q 3^q 
4 5 
1 0 
1 1 
2 1 
2 1 
6 3 
1 1 
2 2 
3 3 
3 3 
9 9 
2 1 
1 2 
^ 
6 
0 
1 
1 
1 
3 
1 
2 
3 
3 
9 
1 
2 
D2h 
Blu 
7 
1 
1 
2 
2 
6 
1 
2 
3 
3 
9 
2 
1 
B2u 
8 
0 
1 
1 
1 
3 
1 
2 
3 
3 
9 
1 
2 
3u 
^ 
1 
1 
2 
2 
6 
1 
2 
3 
3 
9 
2 
1 
N^ 
10 
4 
8 
12 
12 
36 
8 
16 
24 
24 
72 
12 
12 
(III)Translations 
+ of NH^ 
(IV) Librations of 
3 24 
NH4 
Total 
Grand Total 
3 
9 
24 
3 
9 
21 
3 
9 
24 
3 
9 
21 
3 
9 
21 
3 
9 
24 
3 
9 
21 
3 24 
9 72 
24 180 
a Total number of phonon modes originating from a particular mode 
of vibration. 
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Ftg. 5.2 Reflectance curve for ATBZ at 300 and 105 K (« , 
I-:x[)erlmental data, , classical oscillator fit). 
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from the fit has been plotted and is shown in figures 5,3, 5.4 
and 5.5 respectively. The calculated variation in dielectric 
constant with frequency is shown in figure 5.6. The reflectance 
spectra show one strong reststrahlen band with a weak band at its 
higher frequency side. Values of classical oscillator parameters 
corresponding to these bands are given in table 5.3. Out of the 
42 (15 B, + 12 89 + 15 Bg ) infrared active modes expected to 
appear in the far-infrared region of the spectrum of ATBZ only 
two are observed. These 42 modes include 18 (6 B, + 6 B^ + 6 B^ ) 
lu 2u 3u 
external modes of NH^ ion, 15 (6 B, + 3 B2 + 6 B^ ) internal 
modes of ZnBr. ion and 9 (3 B, + 3 B2 + 3 B^^) external modes 
2_ 
of ZnBr. ion. As discussed earlier for TAHS in Chapter III, the 
number of external modes of NH^ to be observed in the spectrum 
is affected on account of the resolution of the order of 10 cm"" 
near dispersion frequencies and the inactivity of libratory modes 
in the spectrum. Regarding the observation of internal modes of 
2-
ZnBr. ion, it is to be noted that the internal modes of a mole-
cular groups do not absorb in the reflection spectra as strongly 
z z z 
as the external modes. The i?, , i?-, and 'V . (to be described 
in the following section) modes of ZnBr." ion, of which "2^  , is 
only weakly active in infrared lie close to the external modes 
of NH^ ion. In such a condition it is expected that internal 
2-
modes of ZnBr. ion may not give separate strahlen bands and 
coalesce into the strahlen bands corresponding to the external 
+ 2— 
modes of NH^ ion. The 9 external modes of ZnBr. ion will not 
168 
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WAVENUMBERS (cm') 
Fig. 5.3 Real ( i ) and imaginary (c") part of dielectric function 
vs frequency curve for ATBZ at 300 and 105 K. 
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Table 5,3 Classical oscillator parameters at 300 and 105 K 
fitted to reflectivity data for (NH^)22nBr. 
£(oo) =1.4 cm" -1 
300 K 105 K 
to. (cm" ) 
^1 
03 0 (cm~ ) 
'^l 
Sj^  (cm" ) 
Yj^  (cm"-"-) 
^2 
Wjj (cm" ) 
$2 (cm"-'') 
Y2 (cm"^) 
6(0) 
162 
238 
240 
14.4 
247 
270 
.45 
21.0 
3.68 
178 
258 
250 
14.8 
264 
286 
45 
21.2 
3.39 
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appear in the spectrum because they have frequencies below 
50 cm" , the range not covered here. Further, the number of 
expected modes will reduce due to the polarisation dependence 
of the modes of different symmetry. 
The frequencies of TO modes at room temperature obtained 
from the fit are 162 and 247 cm" . In the Raman spectra of the 
crystal [Agrawal 1986] no bands were observed around these 
frequencies. The Raman spectra show bands around 185 and 224 cm" 
2-identified with the internal modes of ZnBr. ion. However, a 
review of Raman spectra of various ammonium compounds shows the 
presence of bands around the frequencies of TO modes obtained 
from reflectance spectra. For example, in the spectra of TAHS 
crystal, described in Chapter III, bands around 160, 170, 234 and 
258 cm" , assigned to lattice modes of NH^ ion are observed. In 
the spectra of (NH^^eC50^)2.6H2O [Gupta 1984] and (NH4)2Cd2(50^)2 
[Kreske and Devarajan 1982] bands around 160, 230 and 250 cm" 
appear and are assigned to lattice modes of NH^ ion. Similarly 
in (NH4)2S04 crystal [Torrie et al 1971] external translatory 
modes of NH^ ions are observed around 169, 234 and 247 cm" . 
Therefore, the TO mode frequencies at 162 and 247 cm" are 
identified with the lattice modes of NHt ion. This assignment 
is further corroborated by the behaviour of the modes with 
temperature in the spectrum. The TO mode frequencies observe a 
large blue shift (16 cm" ) with the decrease in temperature. 
Since the external vibrations in the crystal are known to be 
: 174 
affected much with temperature, the large change in the frequencies 
of TO modes may be justified if they are identified with lattice 
modes. The fact that bands observed in the Raman spectrum of the 
crystal at 185 and 224 cm" , identified with internal modes of 
ZnBr. do not show such a change with temperature confirms that 
the frequencies of TO modes in the reflectance spectrum do not 
correspond to the modes in the Raman spectrum. Therefore, the 
modes in the reflectance data are not assigned to internal vibra-
2-
tions of ZnBr^ ion. 
The large increase mentioned above in the frequencies of 
lattice modes on cooling the crystal from 300 to 105 K may be 
attributed to the strengthening of hydrogen bonding in the 
crystal at lower temperatures. The slight increase in N-H 
stretching frequencies observed in the Raman spectrum [Agrawal 
1986] as the crystal is cooled from 300 to 85 K is in consistency 
with this argument. 
Further, the damping constant of the crystal do not show 
any significant change with change in temperature of the crystal. 
This indicates that the low temperature ferroelectric phase 
transition in the crystal does not affect the anharmonic behaviour 
of the crystal and the crystal bears the same anharmonicity in 
the two phases. 
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5.3.2 Vibrational spectra and assignments 
Infrared spectra of ATBZ have been recorded for powdered 
crystal in the far-infrared and near-infrared regions. Spectra 
in the two regions are shown in figure 5.7 and 5.8 respectively. 
The Raman spectra of the crystal in different polarisation geo-
metries recorded by Agrawal [1986] have been reproduced in 
figure 5.9. The observed band positions are presented in table 
5.4. Superscript 'N' and 'Z' are used to distinguish between 
+ 2-
the modes of NH^ and ZnBr. ions respectively. Vibrational 
modes of ATBZ include the internal and external modes of NH. 
2-
and ZnBr. ions. 
5.3.2.1 Internal modes of NHt ion 
The NH^ ion possesses tetrahedral symmetry in free state 
and has four fundamental internal vibrations, namely, '))•,, 'x) 2 
^3»^4* "^^^ "^i ^^ ^^^ totally symmetric non-degenerate N-H 
stretch belonging to A, species of tetrahedral group whereas 
'yl is the triply degenerate asymmetric N-H stretch mode. The 
V o is doubly degenerate symmetric bending (H - N-H) mode andV^ 
the asymmetric bending is three-fold degenerate mode. 
The internal modes of the NH^ ion have been identified 
with the help of previous assignment for this crystal [Agrawal 
1986]. A broad band is observed around 3200 cm" having several 
weak components. The component at 3130 cm" is assigned to the 
totally symmetric stretch V i i^i) ^^^ "the bands around 3195, 3206 
and 3230 cm" are identified with the components of asymmetric 
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TABLE 5.4 Infrared and Raman frequencies (d i f fe ren t po la r i sa t ion 
geometries) of (NH.)2ZnBr. a t room temperature. 
Infrared 
frequencies 
(cm"^) 
3385 
3330 
3300 
3230 
3195 
3170 
3140 
3060 
3035 
2868 
2830 
1745 
1710 
1680 
1660 
1630 
1420 
1410 
1390 
w 
vw 
w 
w 
w 
m,b 
w 
w 
w 
w 
w 
m 
w 
w 
w 
m 
w 
297 w 
272 w 
260 w 
245 w 
236 w 
Raman f r equenc i e s 
Ass ign-
Z(XY)Y Z(YY)X X(ZZ)Y Z(XZ)Y Z ( Y Z ) Y Z ( Y Z ) Y ment. 
3300 vw 3300 w 3304 vw 3298 vw 3304 vw 3300 vw ::\ o>,N m 
y 
- ? 
:>/3 
3144 m 3142 m 3142 m 3148 m 3142 ra 3144 m ^ 
3012 sh 3010 sh 3008 sh 3006 sh 3012 sh 3010 shlV^+^J^ 
2788 vw 2786 vw 2790 vw 2794 vw 2788 vw 2788 vw2 21;^ 1 
1662 vw 1658 vw 1668 vw 1658 vw 1660 vw 1658 vwl 
1410 w 1410 sh 1420 sh 1406 sh 1406 sh 1402 si 
1390 w 1390 w 1390 w 1390 w 1390 w 1389 w 
^N 
^ 
NH4 
libra-
tions. 
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1ADL.C 
217 w 
192 m, 
185 m, 
170 w 
160 w 
132 w 
90 w 
78 w 
62 w 
56 w 
-< • n 
b 
b 
224 
-
1840 
-
-
-
-
-
T-
52 
224 
-
184 
-
-
-
-
-
-
55 
224 
-
185 
— 
— 
-
-
-
-
52 
224 
-
184 
— 
-
-
-
-
-
54 
224 
-
185 
— 
— 
-
-
-
»-
55 
224 
185 
» 
\ A I 
v^ 
'2 < 
— 
" ^ 
-
-
-
' 
transla-
tion. 
^l 
v\ 
\ ZnBr^-
J lattice 
modes 
Abbreviations used - vw-very weak, 
s - strong. 
w weak, m - medium, b - broad 
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stretch mode, jP q (F2)• In the Raman spectrum these bands 
appear around 3140 and 3170 cm"" respectively. Bands observed 
around 1390, 1410 and 1420 cm" are assigned to the components 
of "i) . {^2) * The symmetric bending mode, '2^ 2 (2) has components 
-1 -1 
at 1630, 1660 and 1680 cm and observed around 1662 cm in 
Raman spectra. The bands around 3300 cm" are identified with 
2'>^ 2 9nd those around 2830 cm" and 3035 cm" are assigned to 
2'i^^ and "V^ +~))^ respectively. 
In the spectra two weak bands appear at 1710 and 1745 cm" 
which are not observed in the Raman spectra, A comparison of the 
spectra with those of other ammonium compounds [Acharya and 
Narayanan 1971, Alam and Srivastava 1982] suggests the identifi-
cation of these bands as ("i^/ +"^5)* V 5 is the librational 
mode of NH^ ion. According to Hornig et al [l950a, b, 1953, 
1955, 1961] the appearance of (V^ + V^^) in the spectra indicates 
the hindering of the reorientational motion of NH^ ion, 
2_ 
5.3.2,2 Internal modes of ZnBr, ion 
2- . The free ZnBr. ion also possesses tetrahedral symmetry. 
The four fundamental internal vibrations of the ion are the 
following. The 1? •. (A,) is the non-degenerate totally symmetric 
Zn-Br stretch vibration and V^ {^^) is triply degenerate asymme-
trie Zn-Br stretching vibration. The doubly degenerate, "Vp (E) 
vibration is totally symmetric (Br-Zn-Br) bending mode and triply 
degenerate V ^ (F2) is the asymmetric bending mode. 
: 182 : 
2-
The internal modes of ZnBr. ion appear in the far-
infrared frequency region. On comparing the frequencies 
observed in the spectrum with those observed in the Raman 
spectrum of ATBZ and the spectra of CS2 Zn Br. crystal [Lamba 
and Sinha 1986] the band at 185 cm" ' is identified with the 
•^  t* (A,) and those at 192, 215 and 232 cm with the components 
7 —1 
of 7^ 2 (Fo^* "^^^ bands at 78 and 90 cm are identified with the 
7 •) 7 
bending modes " ^ 2 (^ ) "^^ ^ ' ^ 4 (^2) respectively. 
5.3.3.3 External modes 
The bands observed at 132, 160, 170 and 247 cm"""" are 
assigned to the lattice translational modes of NH^ ion whereas 
the bands observed at 260, 272 and 308 cm" are assigned to 
librational modes on the basis of a comparison with the spectra 
of other ammonium compounds [Torrie et al 1972, Kreske and 
Devarajan 1982, Bist and Agrawal 198<t] . 
5.4 CONCLUSIONS 
1. The behaviour of optical phonon modes with temperature 
suggests a stronger hydrogen bonding in the low temperature 
phase. 
2. The vibrational analysis indicates the hindering of 
reorientational motion of NH^ ion in the crystal at 
room temperature. 
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